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Section I

Introduction

This report describes the activities and findings conducted under contract NAS 1-19858-93

with NASA Langley Research Center. Subject matter is the investigation of suitable multivariable

flight control design methodologies and solutions for large, flexible high-speed vehicles.

Specifically, methodologies are to address the inner control loops used for stabilization and

augmentation of a highly coupled airframe system possibly involving rigid-body motion, structural

vibrations, unsteady aerodynamics, and actuator dynamics. The flight control strategies must

address basic specifications/requirements, 1,2 or clearly display the design tradeoffs to the flight

control engineer. Design and analysis techniques considered in this body of work are both

conventional-based 3 and contemporary-based.4, 5 The conventional-based schemes facilitate

understanding into the "physics" and lead to simple, effective solutions that go a long way in

implementation of a multiply redundant architecture requiring scheduling with flight condition and

modification during test and development. On the other hand, the contemporary-based schemes

provide powerful, efficient tools for closing multiple feedback loops in an integrated framework

and allow assessment of the upper limits of achievable closed-loop stability and performance.

The vehicle of interest is the High-Speed Civil Transport (HSCT).6, 7 This vehicle is

projected to have a pitch divergence due to the relaxation of static stability at subsonic speeds.

Further, significant interaction between rigid-body and aeroelastic degrees of freedom is expected.

Characteristics of this sort will, by necessity, require a set of initial feedback loops to correct for

these deficiencies and bring the closed-loop vehicle system back to a level which is acceptable to

the pilot and passengers. Functions of this inner loop flight control system (FCS) for HSCT will

be to 1) artificially supply the stability inherently lacking in the airframe, 2) augment the key

pilot/passenger centered responses to obtain crisp, well damped behavior, and 3) suppress



aeroelasticmotions in all responses,all with minimal FCS architecture. The objectivesof the

contractwork areto explorethepossibilitiesfor suchan innerloopFCS.

This work is heavilydependentupon generationof representativeairframemathmodels

with the requisite fidelity, aswell asmodifications made to thesemath modelsrepresenting

hypotheticalaerodynamiccontrolsurfaces.SectionII presentstwo HSCTnumericalmodelsmade

available to the contractor.8,9 The HSCT modelswere developedfrom a nonlinearsimulation

tooll0,11atvariousstagesin its development:Cycle 1andCycle3.la. Within this simulationtool,

aerodynamicload predictions associatedwith structural vibration and unsteadyaerodynamic

coordinatesarecomputedwith the packageIntegratedStructuresAerodynamicsand Controls

(ISAC). 12 Comparisons of the HSCT models reveal good correlation for pitch rate and normal

acceleration dynamics at several sensor locations when excited by elevator and stabilator inputs. In

some sense, this result validates the current modeling process. More importantly, the correlations

validate results and conclusions from previous flight control investigations. 13 Section II also

describes the component build-up modeling procedure, and modifications made to the original

stability and control derivatives, to represent effects from small aerodynamic vanes located on the

forward fuselage. As will be shown, these vanes are crucial to the development of feasible inner

loop FCS architectures.

The contract Statement of Work (see Appendix A) consisted of three distinct tasks

contributing to the overall objective. These tasks include investigations of

.

*

.

Control benefits derived from small forward aerodynamic control surfaces

(Conventional Multi-Sensor/Multi-Surface design strategies utilizing forward vanes),

Contemporary multivariable design strategies

(Contemporary Multi-Sensor/Multi-Surface design strategies utilizing forward vanes), and

Controllability requirements for rigid and elastic responses

(Sizing requirements for forward vanes).



In addition, it was felt prudent to re-examinethe Multi-Sensor/Single-Surfacestructuralmode

suppressionlogic utilized by John Wykes/NorthAmericanRockwell for the XB-70, in a final

attemptto avoiduseof forwardvanes.14-15Thesetasksarebriefly outlinedherebeforemovingon

to the dedicatedchapterswith detailedreportingof the activities. Due to limited resourcesand

NASA/Industry program emphasisand scheduling, Task 2 was assignedlow priority and

postponedfor future activities. This redistribution of effort does not imply contemporary

techniquesareof lesserimportance,ratherit reflectsoncurrentneedsandrealisticdeliverablesin

theallottedcontractualframework.

SectionIII describesthesupplementaltask of re-examiningthe Stability Augmentation

System(SAS) andStructuralMode ControlSystem(SMCS)logic utilized by JohnWykes/North

AmericanRockwell on the XB-70 program,in the contextof HSCT. In the XB-70 program,

significantstridesweremadein simultaneouslysuppressingaeroelasticvibrationsandaugmenting

pitch characteristicswith a singlecontrolinput surface. If this successcould beduplicatedwith

HSCT, the needfor configuration redesignwith forward vaneswould diminish. The Wykes

control logic can be reinterpretedin the Multi-Sensor/Single-Surfaceframework previously

consideredin Ref. 13. In Ref. 13, studiesutilized low pass/bandpassand lag-lead/lead-lag

blending filters with sensorslocated at 1,850 in and 2,500 in. The Wykes control law is

equivalent to lag-lead/highpassblendingof sensorslocatedat 1,850in and 3,460 in. When

applied to HSCT, the Wykes control law is found to be unacceptable. The control logic

destabilizeshigherfrequencyaeroelasticmodesdueto neglectedbut significantmodeslopeterms

and aerodynamic coupling terms. In addition, the lag-lead/high pass blending results in

nonminimumphasecharacteristicswhich reducetheupper limit of usableloop gain With this

reducedupperlimit, augmentationof pitchandaeroelasticdampingsis restricted. Similar results

werefoundin Ref. 13for otherMulti-Sensor/Single-Surfacearchitectures.A WykesSAS/SMCS

controllaw with elevatoronly doesnotappearfeasiblefor HSCT.

Previousanalysisandsynthesisof conventionalSingle-Sensor/Single-Surface(SS/SS)and

Multi-Sensor/Single-Surface(MS/SS)FCSusingtheelevatorindicateunacceptabledesigntrades



betweennecessarybandwidthfor towfrequencypitch handlingqualitiesandnecessaryattenuation

for aeroelasticstability margins,aswell as an inability to control cockpit motions.13 Multi-

Sensor/Multi-Surface(MS/MS) FCS architecturesutilizing theelevatorandwing trailing edge

surfaceshave also beenconsidered.13 Resultsindicate the wing trailing edgedevicesarenot

appropriatefor theaeroelasticsuppressionrole. SectionIV describesthefirst taskof revisiting this

conventionalMS/MS architectureusingtheelevatorandhypotheticalforward vanes,in orderto

assesstheir control benefits.Thenew controlsurfacesprovideanattractivesolution to thenoted

problems. Forward vanessignificantly enlargethe tight designbox by allowing separateloops

dedicatedto aeroelasticsuppressionand pitch augmentationfunctions, and provide enhanced

control of cockpit motions. A MS/MS FCS utilizing forward vanesis offered as a feasible,

baselinearchitecturefor the innerloops. This architectureis relativelysimpleandtractable,yet is

capableof achievinghigh levelsof stabilityandperformance,asevaluatedby amixture of criteria

andrequirementscommonlyusedwithin theflight dynamicsandcontrol community (although

applicabilityto aeroelasticvehicleshasnotbeenfully established,in somecases).

All analysisand synthesisutilizing the forward vanesarebaseduponthe specific vane

model describedin Section II. This model representsa "first-cut" designbasedupon vane

mountinglocationandvane-to-tailplanforrnarearatiosof otherhigh-speedelasticvehicles. This

specificvanemaybeundersized,or oversized,from sucha preliminaryassumption. SectionV

describesavane sizing analysisthat wasundertakento accomplishthe third task. Analysis is

basedonclosed-loopsimulationresults. Theclosed-loopdesignfrom SectionIV is excitedwith

bothmaneuvercommandsandatmosphericgusts,andthe peakvanetravel andrate activity are

recorded.Baseduponhardwaretravel limit andrate limit values,thenecessarysurfaceareato

avoidsaturationcanbe "reverseengineered"fromthe data. Surfacearearesultscanbescaledwith

input amplitude. Maneuvercommandsdominatethe vanetravel activity, while both maneuver

commandsandatmosphericgustsdrive thepeakrateactivity. Largemaneuvercommands(suchas

goaround,high alpharecovery,etc.)will mostlikely drive smallvanesbeyondthetravel andrate

limits. A critical designtradewasuncoveredin this study. The vaneactivity is approximately



halvedwith theelevator-to-vanecrossfeedpathabsentfrom thebaselineFCS°in SectionIV, but

thissignalpathis necessaryfor crewstationflying qualityandride qualityperformance.



Section II

Aeroelastic Vehicle Modeling

A. Model Description

Modeling of highly integrated HSCT class vehicles requires the flight dynamics engineer to

return to the governing fundamental principles of rigid-body motion, structural vibrations,

unsteady aerodynamics, etc. Revisiting these principles allows the relevant features to enter the

early stages of the modeling process. The resulting models accurately capture the contributions

from each discipline to the overall dynamic behavior, as well as the interaction between the

disciplines. Refs. 12 and 16-19 describe such a process leading to nonlinear models, from which

linear models can be extracted for use in control system design.

The linear models are represented in state space form as

= Ax + Bu + B'Q + B"ii + Bdd (2.1)
y = Cx + Du + D'tl + D"ti + Ddd

In general, the state vector x consists of the rigid-body positions and velocities, generalized

coordinates originating from the structural vibrations, and variables representing the unsteady

aerodynamic degrees of freedom. Focusing on the longitudinal dynamics leads to

[ 1x = u w q 0 .-.rli ...... rli ...... zi... (2.2)

u - forward speed

w - downward speed

q - pitch rate

0 - pitch angle

rli

zi

- generalized coordinate for ith aeroelasfic mode

- ith unsteady aerodynamic state

Control inputs are denoted by u where

kS - stabilator deflection

u=[_S_E_ v ...STEi... ]T (2.3)

6



_5E

_V

_TEi

- elevatordeflection

- vanedeflection

- i thwing trailingedgesymmetricdeflection

(TEl is inboardmost,TEAis outboardmost)

Further,disturbanceinputsaredenotedby d where

wG - verticalgust

d = wG (2.4)

Finally, responsesof interesty includemeasuredpitch ratesandvertical accelerationsthroughout

thevehicle,

qxs

az xs

Y=[-..qxs ...... az xs... ]T (2.5)

- pitch rate at structural axes location x s

- vertical acceleration at structural axes location x s

If unsteady aerodynamics are modeled, then surface deflection rates and accelerations

become inputs leading to matrices B', B", D', and D" as indicated in Eq. (2.1). To circumvent

this noncausal behavior, and to model the actuation hardware dynamics, 3 rd order actuator models

are considered as a "front end" to the airframe model.

P

o3

Fig. 1 illustrates this feature with the

elevator surface actuator. From Fig. 1, the elevator actuator model is

o) 2
5E(S)= s p p 8E c(s)

s2+2_o) s+0) 2

= 0 0 1 8 E

_po)2_(p2_o)+o)2) -(p+2_o)) 8E

8E

_E

[_E

[11_E 0 0//_iE/
8E = 0 0

8E lJ[SEJ

- actuator first order break frequency

- actuator second order damping

- actuator second order natural frequency

(2.6)

[po)2]

Note G(s) represents the airframe transfer function matrix. Generalizing for all actuator hardware,

or



Xa = Aaxa + Bauc

[u]ICal_ - C_/Xa
CaJ

leads to the overall airframe-actuator model

Ix] I A0 ._][x] [0 Bdl[uc]Ba 0 ._ _:_a = A a Xa + //dl

x I]Y=[CC][xa]+[0Dd] d c

• • PP rPBCa+B Ca+B C a

C = DCa+D Ca+D C a

(2.7)

(2.8)

Figure 1. Overall Airframe-Actuator Model

In keeping with traditional analysis techniques, an approximate von Karman turbulence

filter 20 excited by noise n is utilized to generate stochastic disturbance gust velocities, or

k(s+z 1)(s+z2) n(s)
WG(S) = (s+p 1)(s+P2)(s+P3)

[ 1io o= 0 0 1

-(P lP2P3) -(P lP2+P2P3+P3P 1) -(P I+P2+P3)

+ 0

kZlZ 2

(2.9)



wool zl+z2 zlz21zlz21Iil
k = 1.246oWG z! = 0.3820 VT]L Z2 = 7.704 VT/L

Pl =0.4801VT/L P2 = 1"215 VT/L P3 = 11-14 VT/L

(YWG - gust standard deviation

L - gust characteristic length

V T - total flight speed

Fig. 2 illustrates this turbulence filter and its connection to the vehicle model. Generalizing the

notation for the gust filter yields

n +

:_g = Agxg + Bgn

d = Cgxg (2.10)

Pl+P2+P3

Figure 2. Overall Airframe-Gust Model

Two numerical models of the type discussed here were made available by NASA Langley

for the Ref. H HSCT.8, 9 The baseline configuration is shown in Fig. 3. The vehicle consists of a

long slender fuselage with a highly swept cranked delta wing and conventional aft tail. Wing and

tail placement, in relation to the operational range of mass centers, results in relaxed pitch stability

at low speeds. The low aspect ratio plate-like wing structure leads to complex vibrational shapes

9
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which do not resembleconventionalmodesof high-aspectratio cantileveredsurfaces.Note the

forwardcrewstationcanbethoughtof asbeingcantileveredon thetip of a longelasticappendage.

AppendixB describesoneof theNASA Langleynumericalmodelswhichreflectsthemost

currentdataavailableto theflight controlsteam. TheRef.H Cycle3.la Simulation11wasutilized

for model development. Internally, the Cycle 3.l a tool relies upon the packageknown as

IntegratedStructuresAerodynamicsandControls(ISAC).12 This modelcontainsthefull setof

rigid-body states,aswell as17aeroelasticmodes.No unsteadyaerodynamiccoordinatesor gust

inputsareincludedin thismodel. Themodelwassuppliedasanoverallairframe-actuatorpackage.

However, the actuationmodelwasmodified to matchcharacteristicsin theAppendix C model.

TheAppendixB modelcorrespondsto thefollowing flight condition.

Source: NASA Langley(AjgpendixB)
Trim Condition: Win_s-Level,Level,RectilinearFlight,Landin_ApproachPhase
M = 0.24 [ h = 500ft | W = 384,862lbf (M3A)

AppendixC describestheotherNASA Langleymodel. This model is essentially identical

to the Appendix D model in Ref. 13, which was utilized heavily in previous flight control design

studies. The only differences are 1) stability and control effects from forward vanes, 2) mode

shape data covering the aft region of the airframe, 3) inclusion of the stabilator input, and 4)

inclusion of vertical gust input. The model is an aggregate model fusing the forward speed degree

of freedom stability and control derivatives from the rigid-body Ref. H Cycle 1 Simulation 10 with

ISAC output data. At the time of construction, dynamic aeroelastic modeling capability was not

available in the simulation tool. Due to the lack of a rigid-body forward speed degree of freedom

in the ISAC models (i.e., essentially a short period approximation), manual fusion of the data was

a necessary step. This procedure is discussed further in Section II-C of Ref. 13. The model

includes 17 aeroelastic modes and 10 unsteady aerodynamic states. Also, the model was supplied

as an overall airframe-actuator-gust package. The relevant flight condition data is listed below.

I Source:
Trim Condition:
M = 0.24

NASA Langley (Appendix C)

Wings-Level, Level, Rectilinear Flightl Landing Approach Phase

[ h = 0 ft [ W = 384,862 (M3A)

11



B. Model Comparison and Characteristics

Modeling a highly elastic vehicle with unsteady air flow is a difficult task. Current

procedures for generating such models are being expanded and refined. As wisdom should have

it, initial analysis should compare/contrast similar models from independent sources to assess if

they are in rough agreement, thereby invoking confidence in predictions of vehicle motions. On

the other hand, if considerable differences do exist, the implication is to use caution when relying

upon the model. Models in Appendix B and C are examined in this way. In terms of flight

condition and modeling assumptions, the two models are very similar, thus allowing a valid

comparison. Mach-Altitude parameters are nearly equivalent (500 ft altitude difference only).

Both models utilize the same finite element structural data base (ELFINI 1080-892STR), and

correspond to identical mass cases with mass coupling effects taken out. Further, actuation

characteristics for all the aerodynamic surfaces are equivalent. Also, aerodynamic effects from

close proximity to the ground are excluded in both models. Noted differences between the models

include reliance upon separate aerodynamic data bases (Cycle 3 vs. Cycle 1 and different ISAC

runs), and unsteady aerodynamic effects (quasi-static vs. true unsteady). At the time of analysis,

the nonlinear simulation tooldid not allow for unsteady aerodynamic states in the Appendix B

model, precluding a more direct "item for item" comparison. Dependence upon characteristic

deflection shapes also differ somewhat (discrete data vs. continuous data via polynomial fits).

Polynomial fits to the discrete mode shape data can introduce small differences in the deflection and

slope values associated with the higher frequency modes. However, the benefits of having smooth

transfer function behavior during sensor placement studies far out weigh these costs. Finally, the

models differ (a small effect) due to the presence of forward vanes in the Appendix C model.

Figs. 4-15 illustrate the frequency response characteristics of both models, for several

types of measured responses at different locations, excited by various aerodynamic surface

deflections. Measured responses include both pitch rate and vertical acceleration at the crew station

(358 in) and center of mass (2,152 in). Excitation sources consist of the stabilator, elevator, and

wing trailing edge deflections. In all stabilator and elevator driven responses (Figs. 4-7 and 10-

12



13), rigid-body andaeroelasticmodescorrelatewell betweenone modeland the other. Small

differencesat low frequencies(lessthan3 rad/s),nearthe 3rd oscillatory and aperiodic slow and

fast modes, are most likely associated with reliance upon different aerodynamic data bases and

different ISAC runs. Another source for small differences in the vertical accelerations at very low

frequencies is the term "+gsin(O0)0". The Appendix B model includes this term, the Appendix C

model does not. In the aeroelastic mode frequency region (more than 3 rad/s), small differences

can be traced to dissimilar unsteady aerodynamic models and the use of smoothed mode shape

data. Larger differences are seen between the two models at the high-end of the dynamic

spectrum. This difference is most likely associated with the different ISAC runs having different

convergence criteria. With control loop attenuation, these noted high frequency differences will

not be of concern. In all wing trailing edge driven responses (Figs. 8-9 and 14-15), the aeroelastic

mode correlation between the models breaks down beyond the 2ad aeroelastic mode (more than 13

rad/s). The source of this mismatch could possibly be due to early ISAC model development

approximations such as utilization of fuselage centerline mode shapes, rather than outboard wing

mode shapes, when computing control derivatives for the trailing edge surfaces. Without the

necessary model data, further investigation can not take place. Wing trailing edge devices will not

be utilized in feedback control studies here.

In general, very good agreement exists between the predicted dynamic characteristics of the

two models for stabilator and elevator inputs. These correlations between the models in Appendix

B and C validate, in some limited sense, the modeling process conducted in the nonlinear

simulation tool, and in particular the linear model generation process. In other words, two separate

modeling procedures yield the same dynamic characteristics. More importantly, high correlation of

the aged model in Appendix C with the newer and updated characteristics in the Appendix B model

validate conclusions and results from previous flight control investigations (which utilize the

Appendix C model). 13 In this reference, the major conclusion, that single aft surface inner loop

FCS architectures are not feasible, impacts overall configuration design and all major supporting

disciplines. Results in Figs. 4-7 and 10-13 imply the "best available" modeling accuracy, as

13



reflected by the Appendix B model, for predicting airframe dynamic characteristics,can be

reasonablyapproximatedby conductinganalyseswith theAppendixC model. Therefore,further

FCSinvestigationsin thisreportwill utilize theAppendixC model.

14
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Dynamic characteristics associated with key transfer functions of the HSCT airframe that

will appear latter in control system design activities are discussed next. Tab. 1 lists the poles of the

Appendix C airframe-actuator model. At this low-speed, low-altitude condition, the HSCT

inherent pitch instability is clearly present. Rigid-body modes consist of the so called third

oscillatory mode and two real axis modes, one fast and stable, the other slow and unstable.

Aeroelastic mode frequencies include the 1st and 2_ mode values at 7.7 and 12.8 rad/s all the way

up to a value of 65.1 rad/s for the 17 th mode with unsteady aerodynamic modes throughout this

frequency range. Damping ratios for the aeroelastic modes are extremely light (i.e., on the order of

0.1 or sometimes considerably less). Unsteady aerodynamic modes have reciprocal time constants

ranging from 0.86 to 29.4 1/s.

Tabs. 2-13 contain the transfer function gains and zeros for measured pitch rate and vertical

acceleration to elevator and vane, at three key locations along the fuselage centerline: 400, 1,850

and 3,460 in. These positions yield coverage over the vehicle length and correspond to the vane

mounting point, the anti-node of the 1st aeroelastic mode, and the elevator hinge line. The crew

station is only 3.5 ft removed from the vane mounting, therefore, response characteristics at 400 in

will reflect what the pilot experiences. Figs. 16-27 show the corresponding frequency responses.

Each set of factored numerators contain the rigid-body zeros 1/'_01 and 1/'c02 for pitch rate, rigid-

body zeros 1/'_azl, 1/'_az2, 1/'Caz3, and 1/'Caz 4 for vertical acceleration (or complex conjugate

equivalents), a pair of zeros for every aeroelastic mode, and a zero for every unsteady aerodynamic

mode. In addition, two zeros having there origin from the noncausal input terms B't_ and B"ti in

Eq. (2.1) are present, and canceling zeros associated with the other channel actuators.

In general, observe from the frequency responses and tabular data how the aeroelastic

modes excite the sensors at different frequencies, as the sensor mounting location is varied along

the fuselage. Aeroelastic contamination of all responses is clearly seen. The 1st aeroelastic zeros

essentially cancel the 1st aeroelastic poles when the rate gyro is located at 1,850 in. At 400 in, the

1st aeroelastic zeros of the pitch rate to vane transfer function are minimum phase, have complex

root structure, and are located directly below the 1st aeroelastic poles (i.e., collocated

27



actuator/sensorpair). On theotherhand,at 400 in for pitch rateto elevator,the 1st aeroelastic

zeros consist of real roots with one located in the right-half plane (i.e., an extreme non-collocated

actuator/sensor pair). These trends and others can be correlated with the structural vibration mode

shapes for the fuselage centerline shown in Fig. 28. x s and zs denote typical structural axes with

x s pointing aft, z s pointing up, and origin located at the nose.

In Tabs. 2-13, note the zeros associated with unsteady aerodynamic modes are always

located close to the pole. These unsteady aerodynamic dipoles with "tight" structure do not appear

to significantly impact the dynamics, other than introducing small phase variations. The most

significant impact from unsteady aerodynamics comes into play through the noncausal zeros

associated with the B'u and B"ti terms. These noncausal zeros are primarily determined by the

quadratic term B"s2÷B's+B. These roots lie well inside the actuator bandwidth (compare Tabs. 1

and 2), and amplify the aeroelastic frequency region due to a lack of actuator attenuation until

higher frequencies. This feature is more easily recognized graphically. Typically with aeroelastic

models, attenuation characteristics are a gradual (-20 db/dec) roll off due to the fundamental rigid-

body physics of rate-to-force transfers, with superimposed aeroelastic peaks and troughs. In Fig.

16, the -20 db/dec attenuation behavior is missing in the 10 to 100 rad/s frequency range due to the

noncausal zeros. This behavior leads to large aeroelastic peak values.
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Table I. Poles Of

Root Location (l/s) Freq. (rad/s)

-7.9137e-02+ 1.4458e-01i 1.6482e-01

-7.9137e-02- 1.4458e-01i 1.6482e-01

1.7766e-01 1.7766e-01

-6.6819e-01 6.6819e-01

-8.5519e-01 8.5519e-01

-1.3592e+00 1.3592e+00

-4.2577e+00 4.2577e+00

-3.4547e-01+ 7.6804e+00i 7.6881e+00

-3.4547e-01- 7.6804e+00i 7.6881e+00

-8.3170e+00 8.3170e+00

-9.3213e+00+ 3.2228e-01i 9.3269e+00

-9.3213e+00- 3.2228e-01i 9.3269e+00

-i.I150e+01 i.i150e+01

-7.5590e-01÷ 1.2783e+01i 1.2806e+01

-7.5590e-01- 1.2783e+01i 1.2806e÷01

-1.3487e+01 1.3487e+01

-i.0920e+00+ 1.6934e+01i 1.6969e+01

-i.0920e+00- 1.6934e+01i 1.6969e+01

_)_endix C Model

Dam_in_ (-)

4.8013e-01

4.8013e-01

-l.0000e+00

1.0000e+00

1.0000e+00

1.0000e+00

1.0000e+00

4.4935e-02

4.4935e-02

1.0000e+00

9.9940e-01

9.9940e-01

1.0000e+00

5.9028e-02

5.9028e-02

1.0000e+00

6.4353e-02

6.4353e-02

Description

Mid Period (3rd Osc)

Mid Period (3rd Osc)

Slow

Fast

Unstead_Aero 1

Unsteady Aero 2

Unstead_Aero 3

Aeroelastic 1

Aeroelastic 1

Unstead[Aero 4

Unsteady Aero 5

Unsteady Aero 6

Unstead_ Aero 7

Aeroelastic 2

Aeroe!astic 2

Unstead_Aero 8

Aeroelastic 3

Aeroelastic 3

-1.8717e-01+ 1.7264e+01i 1.7265e+01 1.0841e-02 Aeroelastic 4

-1.8717e-01- 1.7264e+01i 1.7265e+01 1.0841e-02 Aeroelastic 4

-1.8306e+01 1.8306e+01 1.0000e+00 Unstead_Aero 9

-1.9000e+01 1.9000e+01 1.0000e+00 S_ahilator Actuator

-3.1204e-01+ 1.9563e+01i' 1.9565e+01 1.5949e-02 Aeroelastic 5

-3.1204e-01- 1.9563e+01i 1.9565e+01 1.5949e-02 Aeroe!a_tic 5

-2.0000e+01 2.0000e+01 1.0000e+00 Trailin_ Ed@e 1 Actuator

-2.8716e-01+ 2.0829e+01i 2.0831e+01 1.3785e-02 Aeroela_tic 6

-2-87!6e-01- 2.0829e+01i 2.0831e+01 1.3785e-02 Aeroelastic 6

-2.1000e+01 2.1000e+01 i. 0000e+00

-2.2000e+01 2.2000e+01

-2.2000e+01 2.2000e+01

-2.3000e÷01 2.3000e+01

-2.4000e+01 2.4000e+01

-3.1140e-01+ 2.4273e÷01i 2.4275e+01

-3.1140e-01- 2.4273e+01i 2.4275e+01

-1.9558e+00+ 2.9246e+01i 2.9311e+01

-1.9558e+00- 2.9246e+01i 2.9311e+01

-2.9351e+01 2.9351e+01

-3.5782e-01+ 3.5652e+01i 3.5654e+01

-3.5782e-01- 3.5652e+01i 3.5654e+01

-9.1268e-01+ 4.2395e+01i 4.2405e+01

Trailing Edge 2 Actuator

1.0000e+00 Elevator Actuator

1.0000e+00 Vane Actuator

1.0000e+00 Trailin_ Edge

Trailin_ Ed@e

Aeroelastic 7

4.2405e+01

4. 6607e+01 I. 4909e-02
.|,,

4. 6607e+01 I. 4909e-02

5.3639e+01 i. 6825e-02

5.3639e+01 1.6825e-02

5. 6053e÷01 i. 3211e-02

1.0000e+00

1.2828e-02

1.2828e-02

6.6726e-02

6.6726e-02

1.0000e+00 Unstead_Aero i0

1.0036e-02 Aeroelastic 9

1.0036e-02 Aeroelastic 9

2.1523e-02 Aeroelastic I0

2.1523e-02 Aeroel_ustic i0-9.1268e-01- 4.2395e+01i

-6.9489e-01+ 4.6602e+01i

-6.9489e-01- 4.6602e+01i

-9.0245e-01+ 5.3631e+01i

-9.0245e-01- 5.3631e+01i

-7.4053e-01÷ 5.6048e+01i

-7.4053e-01- 5,6048e+01i 5.6053e÷01 1.3211e-02

-8.8368e-01+ 6.0401e+01i 6.0407e+01 1.4629e-02

-8.8368e-01- 6.0401e+01i 6.0407e+01 1.4629e-02

6.1486e÷01 5.2462e-02

6.1486e+01 5.2462e-02

6.2386e+01 1.3623e-02

6.2386e+01 1.3623e-02

6.5087e+01 i. I124e-02

6.5087e+01 I.I124e-02

-3.2257e+00+ 6.1401e+01i

-3.2257e+00- 6.1401e+01i

-8.4990e-01+ 6.2380e+01i

-8.4990e-01- 6.2380e+01i

-7.2400e-01+ 6.5083e+01i

-7.2400e-01- 6.5083e÷01i

3 Actuator

4 Actuator

Aeroe]astic 7

Aeroe]_stic 8

Aeroelastic 8

Aeroelastic ii

Aeroelastic ii

Aeroe]astic 12

Aeroelastic 12

Aeroelastic 13

Aeroelastic 13

Aeroelastic 14

Aeroelastic 14

Aeroelastic 15

Aeroelastic 15

Aeroelastic 16

Aeroe!astic 16

Aeroelastic 17

Aeroelastic 17
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Continued

-'1.3435e+02+ 1.3435e+02i .0710e-01

-1.3435e+02-

-1.4142e+02+

-1.4142e+02-

1.3435e+02i

1.4142e+02i

1.4142e+02i

1.4849e+02i

.0710e-01

.0710e-01

.0710e-01

-1.4849e+02+ .0710e-01

-1.4849e+02- 1.4849e+02i .0710e-01

-1.5556e+02+ 1.5556e+02i .0710e-01

Table I.

1.9000e+02 7

1.9000e+02 7

2.0000e+02 7

2.0000e+02 7

2.1000e+02 7

2.1000e+02 7

2.2000e+02 7

2.2000e+02

2.2000e+02

2.2000e+02

2.3000e+02

2.3000e+02

2.4000e+02

2.4000e+02

Stabilator Actuator

Stabilator Actuator

Trailin_ Edge 1 Actuator

Trailin@ Ed@e 1 Actuator

Trailin@ Ed@e 2 Actuator

Trailin@ Edge 2 Actuator

Elevator Actuator

-1.5556e+02- 1.5556e+02i 7.0710e-01 Elevator Actuator

-1.5556e+02+ i.5556e+02i 7.0710e-01 Vane Actuator

-1.5556e+02- 1.5556e+02i 7.0710e-01 Vane Actuator

-1.6263e+02+ 1.6263e+02i 7.0710e-01

1.6263e+02i-1.6263e+02- 7.0710e-01

-1.6970e+02+ 1.6970e+02i 7.0710e-01

-1.6970e+02- 1.6970e+02i 7.0710e-01

Trailin@ Edge 3 Actuator

Trailin@ Edge 3 Actuator

Trailin@ Edge 4 Actuator

Trailin@ Edge 4 Actuator
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Table 2. Zeros Of Appendix C Model For 400 in Pitch,Rate"To Elevator Channel

Gain = -2.1345e+02 rad/s/rad

Root Location (i/s) Freq. (rad/s)

0 0

-4.2957e-03 4.2957e-03

-4.8215e-01 4.8215e-01

-7.3580e-01 7.3580e-01

-1.3602e+00 1.3602e+00

-4.8325e+00+ 1.5792e-01i 4.8351e+00

-4.8325e+00- 1.5792e-01i 4.8_51e+00

5.5433e+00 5.5433e+00

-8.2182e+00 8.2182e+00

-8.9847e+00+ 2.1916e+00i 9.2482e+00

-8.9847e+00- 2.1916e+00i 9.2482e+00

-1.0823e+01 1.0823e+01

-i.1706e+01+ 7"'5449e+00i" 1.3927e+01

-i.1706e+01- 7.5449e+00i 1.3927e+01

-i.1881e+00+ 1.4138e+01i 1.4188e+01

-i.1881e+00- 1.4138e+01i 1.4188e+01

-1.5980e+01 1.5980e+01

-1.7269e-01+ 1.7262e+01i 1.7263e+01

-1.7269e-01- 1.7262e+01i 1.7263e+01

-7.1568e-01+ 1.8841e+01i 1.8855e+01

-7.1568e-01- 1.8841e+01i 1.8855e+01

-1.9000e+01 1.9000e+01

-2.0480e-01+ 1.9696e+0ii 1.9697e+01

-2.0480e-01- 1.9696e+01i 1.9697e+01

-2.0000e+01 2.0000e+01

-2.1000e+01 2.1000e+01

-2.2000e+01 2.2000e+01

-2.3000e+01 2.3000e+01

-2.4000e+01 2.4000e+01

-i.1586e+01+ 2.1164e+01i 2.4128e+01

-i.1586e+01- 2;i164e+01i 2.4128e+01

-2.9159e-01+ 2.4423e+01i 2.4425e+01

-2.9159e-01- 2.4423e+01i 2.4425e+01

2.2906e+01+ 1.3520e+01i 2.6598e+01

2.2906e+01- 1.3520e+01i 2.6598e+01

-3.0907e+01 3.0907e+01

8.1385e+00+ 4.0372e+01i 4.1184e+01

8.1385e+00- 4.0372e+01i 4.1184e+01

-6.8058e-01+ 4.1583e+01i 4.1589e+01

-6.8058e-01- 4.1583e+01i 4.1589e+01

-5.6056e+00+ 4.4476e+01i 4.4828e+01

-5.6056e+00- 4.4476e+01i 4.4828e+01

-6.9744e-01+ 5.6411e+01i 5.6416e+01

-6.9744e-01- 5.6411e+01i 5.6416e+01

-8.7376e+00+ 5.5985e+01i 5.6663e+01

-8.7376e+00- 5.5985e+01i 5.6663e+01

5.7633e+01 5.7633e+01

7.5621e+00+ 5.8873e+01i 5.9357e+01

7.5621e+00- 5.8873e+01i 5.9357e+01

-3.6777e+00+ 6.1330e÷01i 6.1441e+01

-3.6777e+00- 6.1330e+01i 6.1441e+01

-8.4996e-01+ 6.2328e+01i 6.2334e+01

-8.4996e-01- 6.2328e+01i 6.2334e+01

-3.5423e+00+ 6.9037e+01i 6.9128e+01

D_r_ing (-)

1.0000e+00

1.0000e+00

1.0000e+00

1.0000e+00

1.0000e+00

9.9947e-01
,r

9.9947e-01

-l.0000e+00

1.0000e+00

9.7151e-01

9.7151e-01

1.0000e+00

8.4053e-01

8.4053e-01

8.3741e-02

8.3741e-02

1.0000e+00

1.0004e-02

1.0004e-02

3.7958e-02

3.7958e-02

1.0000e+00

1.0397e-02

1.0397e-02

1.0000e+00

1.0000e+00

1.0000e+00

1.0000e+00

1.0000e+00

4.8021e-01

4.8021e-01

1.1938e-02

1.1938e-02

-8.6118e-01

-8.6118e-01

1.0000e+00

-1.9761e-01

-1.9761e-01

1.6365e-02

1.6365e-02

1.2505e-01

1.2505e-01

1.2363e-02

1.2363e-02

1.5420e-01

1.5420e-01

-1.0000e+00

-1.2740e-01

-1.2740e-01

5.9857e-02

5.9857e-02

1.3636e-02

1.3636e-02

5.1242e-02

Description

Pitch "Rate"

Tau Theta 1

Tau Theta 2

Unsteady Aero 1
,,,| ,i

Unsteady Aero 2

Unsteady Aero 3

Aeroelastic 1

Aeroe]_stic 1

Unsteady Aero 4

Unsteady Aero 5

Unsteady Aero 6

Unstead[Aero 7

Unsteady Aero 8

Noncausal Rate

Aeroelastic 2

Aeroelastic 2

Unstead[Aero 9

Aeroelastic 3

Aeroe]a_tic 3

Aeroelastic 4

Aeroelastic 4

Stabilator Actuator

Aeroelastic 5

Aeroelastic 5

Trailing Edge

Trailing Edge

Vane Actuator

Trailing Edge

Trailing Edge

Aeroe_tic 6

1 Actuator

2 Actuator

3 Actuator

4 Actuator

Aeroe]a_tic 6

Aeroelastic 7

Aeroelastic 7

Aeroelastic 8

Aeroelastic 8

Unsteady Aero I0

Aeroelastic 9

Aeroelastic 9

Aeroelastic i0

Aeroelastic 10

Aeroelastic ii

Aeroe]_stic ii

Aeroe]astic 12

Aeroelastic 12

Aeroelastic 13

Aeroelastic 13

Noncausal Acceleration

Aeroelastic 14

Aeroelastic 14

Aeroelastic 15

Aeroelastic 15

Aeroelastic 16

Aeroelastic 16

Aeroe]astic 17
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Table 2. Continued

6.9128e+01 5.1242e-02-3.5423e+00- 6.9037e+01i Aeroelastic 17

Stabilator Actuator-1.3435e+02+ 1.3435e+02i 1.9000e+02 7.0710e-01

-i. 3435e+02- i. 3435e+02i i. 9000e+02 7. 0710e-01 Stabilator Actuator

-i. 4142e+02+ I. 4142e+02 i 2. 0000e+02 7. 0710e-01
• ,,, , ,

-i. 4142e+02- 1.4142e+02i 2.0000e+02 7.0710e-01

-1.4849e+02+ 1.4849e+02i 2.1000e+02 7.0710e-01

-1.4849e+02- 1.4849e+02i 2.1000e+02 7.0710e-01

-1.5556e+02+ 1.5556e+02i 2.2000e+02

-I. 5556e+02-

-1.6263e+02+

-I. 6263e+02-

-1.6970e+02+

1.5556e+02i

I. 6263e+02i

1.6263e+02i

1.6970e+02i

1.6970e+02i

2.2000e+02

2.3000e+02

2.3000e+02

2.4000e+02

2.4000e+02

7.0710e-01

7.0710e-01

7.0710e-01

7.0710e-01

7. 0710e-01

7.0710e-01-1.6970e+02-

Trailin_ Edge 1 Actuator

Trailing Edge 1 Actuator

Trailin@ Edge 2 Actuator

Trailing Edge 2 Actuator

Vane Actuator

Vane Actuator

Trailing Edge 3 Actuator

Trailing Edge 3 Actuator

Trailin_ Edge 4 Actuator

Trailin_ Edge 4 Actuator
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Table 3. Zeros Of A_endix C Model For i. 850 in Pitch Ra'te

Gain = 1.8707e+01 rad/s/rad

Root Location (l/s)

0

iiiiii

Fre_. (rad/s)

0

D_in_ (-)

1.0000e+00

To Elevator channel

Description

Pitch "Rate"

-4.6378e-03 4.6378e-03 1.0000e+00 Tau Theta 1

-4.7774e-01 4.7774e-01 1.0000e+00 Tau Theta 2

-7.3042e-01 7.3042e-01 1.0000e+00

-1.3598e+00

-4.3275e+00

-7.3185e+00

-2.2041e-01+ 7.5{44e+00i

-2.2041e-01- 7.5144e+00i

-8.6014e+00

-9.4612e+00

-I.ii12e+01

-1.2277e+00+ 1.4031e+01i

1.3598e+00 1.0000e+00

4.3275e+00 1.0000e+00

7.3185e+00 1.0000e+00

7.5176e+00

7.5176e+00

8.6014e+00

9.4612e+00

l.ll12e+01

1.4085e+01

1.4085e+01

1.4714e+01

1.7264e+01

2.9319e-02

2.9319e-02

1.0000e+00

1.0000e+00

-1.2277e÷00- 1.4031e+01i

1.0000e+00

8.7166e-02

8.7166e-02

1.0000e+00

9.9928e-03

1.7264e÷01 9.9928e-03

1.8258e+01 7.7602e-01

1.8258e+01 7.7602e-01

1.8609e+01 -l.O000e+O0

1.8894e+01 3.6271e-02

1.8894e+01 3.6271e-02

1.9000e+01 1.0000e+00

-1.4714e+01

-1.7252e-01+ 1.7263e+01i

-1.7252e-01- 1.7263e+01i

-1.4168e+01+ 1.1515e+01i

-1.4168e+01- 1.1515e+01i

1.8609e+01

-6.8532e-01+ 1.8882e+01i

-6.8532e-01- 1.8882e+01i

-l.9000e+01

-1.9770e-01+ 1.9704e+01i

-1.9770e-01- 1.9704e+01i

-1.9872e+01

-2.0000e+01

-2.1000e+01

-2.2000e+01

-2.3000e+01

-2.4000e+01

-3.0152e-01+ 2.4409e+01i

-3.0152e-01- 2.4409e+01i

-3.4877e-01+ 3.0789e+01i

-3.4877e-01- 3.0789e+01i

-6.1879e-01+ 4.1244e+01i

-6.1879e-01- 4.1244e+01i

1.1303e+01+ 4.4748e+01i

1.1303e+01- 4.4748e+01i

-6.7012e+00+ 4.7043e+01i

-6.7012e+00- 4.7043e+01i

-4.4525e+01+ 2.3808e+01i

-4.4525e+01- 2.3808e+01i

5.6408e+01i-6.9670e-01+

1.9705e+01 1.0033e-02

1.9705e+01 1.0033e-02

1.9872e+01 1.0000e÷00

2.0000e+01 1.0000e+00

2.1000e+01 1.0000e+00

2.2000e+01 1.0000e+00

2.3000e+01

2.4000e+01

2.4411e+01

2.4411e+01

3.0791e+01

3.0791e+01

4.1249e+01

4.1249e+01

4.6153e+01

l.O000e+O0

1.0000e+00

1.2352e-02

Unstead_Aero 1

Unsteady Aero 2

Unstead_Aero 3

Unstead_Aero 4

Aeroelastic 1

Aeroelastic 1

Unstead[Aero 5

Unsteady Aero 6

Unstead[ Aero 7

Aeroelastic 2

Aeroelastic 2

Unstead_Aero 8

Aeroelastic 4

Aer0elastic 4

Unstead_Aero 9

Aeroelastic 3

Aeroe!astic 3

Aeroelastic 5

AeroelaRtic 5

Stabilator Actuator

Aeroelastic 6

Aeroelastic 6

Unstead_ Aero i0

Trailin@ Edge 1 Actuator

Trailin_Ed_e 2 Actuator

Vane Actuator

Trailin@ Ed@e 3 Actuator

Trailin@ Edge 4 Actuator

Aeroelastic 7

1.2352e-02 Aeroelastic 7

1.1327e-02 Aeroelastic 8

1.1327e-02 Aeroelastic 8

1.5001e-02

1.5001e-02

-2.4490e-01

-2.4490e-014.6153e+01

4.7518e+01 1.4102e-01

4.7518e+01 1.4102e-01

5.0491e+01 8.8184e-01

5.0491e+01

-6.9670e-01- 5.6408e+01i

-5.8057e-01+ 5.8379e+01i

-5.8057e-01- 5.8379e+01i

-3.6590e+00+ 6.1051e+01i

-3.6590e+00- 6.1051e+01i

-8.4107e-01+ 6.2334e+01i

-8.4107e-01- 6.2334e+01i

-1.2648e+00+ 6.7467e+01i

5.6413e+01

5.6413e+01

5.8382e+01

5.8382e+01

6.1161e+01

6.1161e+01

Aeroelastic i0

Aeroelastic I0

Aeroelastic ii

Aeroelastic ii

Aeroe!astic 12

Aeroelastic 12

Aeroelastic 9

8. B184e-01 Aeroelastic 9

i. 2350e-02 Aeroelastic 13

I. 2350e-02 Aeroelastic 13

9.9443e-03

9.9443e-03

5.9826e-02

5.9826e-02

6.2340e+01 1.3492e-02

6.2340e+01 1.3492e-02

6.7478e+01 1.8744e-02

-1.2648e+00- 6.7467e+01i 6.7478e+01

.4.0838e+01+ 8.7425e+01i 9.6493e+01

1.8744e-02

-4.2323e-01

Aeroelastic 14

Aeroelastic 14

Aeroelastic 15

Aeroelastic 15

Aeroelastic 18

Aeroel_stic 16

Aeroel,9_tic 17

Aeroelastic 17

Noncausal Rate
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Table 3. Continued

4.0838e+01- 8.7425e+01i 9.6493e+01 -4.2323e-01 Noncausal Acceleration

-1.3435e+02+ 1.3435e+02i 1.9000e+02 7.0710e-01 Stabilator Actuator

-1.3435e+02- 1.3435e+02i 1.9000e+02 7.0710e-01 Stabilator Actuator

-1.4142e+02+ 1.4142e+02i 2.0000e+02 7.0710e-01

-1.4142e+02-

-1.4849e+02+

-1.4849e+02-

1.4142e+02i

1.4849e+02i

1.4849e+02i

2.0000e+02

2.1000e+02

2.1000e+02

7.0710e-01

7.0710e-01

7.0710e-01

Trailing Edge 1 Actuator

Trailing Edge 1 Actuator

Trailing Edge 2 Actuator

-1.5556e+02+ 1.5556e+02i 2.2000e+02 7.0710e-01

-1.5556e+02- 1.5556e+02i 2.2000e+02 7.0710e-01 Vane Actuator

-1.6263e+02+ !.6263e+02i 2.3000e+02 7.0710e-01

-1.6263e+02- 1.6263e+02i 2.3000e÷02 7.0710e-01

-1.6970e+02+ 1.6970e÷02i 2.4000e+02 7.0710e-01

-1.6970e+02- 1.6970e+02i 2.4000e÷02 7.0710e-01

Trailing Edge 2 Actuator

Vane Actuator

Trailing Edge 3 Actuator

Trailing Edge 3 Actuator

Trailing Edge 4 Actuator

Trailing Edge .4 Actuator
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Table 4. Zeros Of A_endix C Model For 3,460 in Pitch Rate To Elevator Channel

Gain = -2.0283e+03 rad/s/rad

Root Location (l/s) Description,
0

Freq. (rad/s)

0

-4.9135e-03 4.9135e-03

-4.7327e-01 4.7327e-01

-7.2387e-01 7.2387e-01

-1.3595e+00 1.3595e+00

-1.5970e-01+ 3.2064e+00i 3.2104e+00

-1.5970e-01- 3.2064e+00i 3.2104e+00

-4.2406e+00 4.2406e+00

-8.4480e+00+ 2.7789e-01i 8.4526e+00
,i,

-8.4480e+00- 2.7789e-01i 8.4526e+00

-8.7277e-02+ 1.0558e+01i 1.0558e+01

-8.7277e-02- 1.0558e+01i 1.0558e+01

-i.0646e+01 1.0646e+01

-i.1058e+01 i.i058e+01

-1.2817e+01 1.2817e+01

-l.0171e+00+ 1.4219e+01i 1.4255e+01

-l.0171e+00- 1.4219e+01i 1.4255e+01

-1.7247e-01+ 1.7257e+01i 1.7257e+01

-1.7247e-01- 1.7257e+01i 1.7257e+01

-1.8035e+01 1.8035e+01

-6.5305e-01+ 1.8246e+01i 1.8258e+01

-6.5305e-01- 1.8246e+01i

-1.9128e+01

-2.4464e-01+ i.9600e+01i'

-2.4464e-01- 1.9600e+01i

-1.9752e+01

-2.1526e+01+ 1.3992e-01i

-2.1526e+01- 1.3992e-01i

-1.4866e-01+ 2.1679e+01i

-1.4866e-01- 2.1679e+01i

1.8258e+01

1.9128e+01

1.9602e+01

Dan_in_ (-)

1.0000e+00

1.0000e+00

1.0000e+00

1.0000e+00

1.0000e+00

4.9744e-02

4.9744e-02

1.0000e+00

9.9946e-01

9.9946e-01

8.2663e-03

8.2663e-03

1.0000e+00

1.0000e+00

1.0000e+00

7.1350e-02

7.1350e-02

9.9942e-03

9.9942e-03

1.0000e+00

3.5768e-02

3.5768e-02

1.0000e+00

1.2480e-02

1.9602e+01 1.2480e-02

1.9752e+01 1.0000e+00

2.1527e+01

2.1527e+01

2.1679e+01

2.1679e+01

-2.3110e+01 2.3110e+01

-2.3978e÷01 2.3978e+01

-3.1078e-01+ 2.4282e+01i 2.4284e+01

9.9998e-01

9.9998e-01

6.8571e-03

6.8571e-03

-3.1078e-01- 2.4282e+01i

-3.5407e+01+ 1.1873e+00i

-3.5407e÷01- 1.1873e+00i

-1.6288e-01+ 3.5894e+01i

-1.6288e-01- 3.5894e+01 i

i. 0000e+00

i. 0000e+00

1.2798e-02

2.4284e+01 1.2798e-02

3.5427e+01 9.9944e-01

3.5427e+01 9.9944e-01

3.5895e+01 4.5377e-03

4.5377e-03

2.0995e-02

2.0995e-02

-8.1306e-02

-8.1306e-02

7.9933e-02

3.5895e+01

-9.2871e-01+ 4.4226e+01i 4.4236e+01

-9.2871e-01- 4.4226e+01i 4.4236e+01

3.9494e+00+ 4.8414e+01i 4.8575e+01

3.9494e+00- 4.8414e+01i 4.8575e+01

-3.9299e+00+ 4.9008e+01i 4.9166e+01

-3.9299e+00- 4.9008e+01i 4.9166e+01 7.9933e-02

5.5420e+01 1.0529e-02

5.5420e+01 1.0529e-02

5.8952e+01 1.3188e-02

5.8952e+01

6.1357e+01

6.1357e+01

-5.8349e-01+ 5.5417e+01i

-5.8349e-01- 5.5417e+01i

-7.7748e-01+ 5.8947e+01i

-7.7748e-01- 5.8947e+01 i

-3.4479e+00+ 6.1260e+01i

-3.4479e+00- 6.1260e+01i

1.3188e-02

5.6194e-02

5.6194e-02

1.3380e-02

1.3380e-02

9.9779e-03

9.9779e-03

-8.3462e-01+ 6.2375e÷01i 6.2380e+01

-8.3462e-01- 6.2375e+01i 6.2380e+01

-6.4431e-01+ 6.4570e+01i 6.4574e+01

-6.4431e-01- 6.4570e+01i 6.4574e+01
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Table 4. Continued

-7.4749e+01 7.4749e+01 1.0000e+00 -

-1.3435e+02+ 1.3435e+02i 1.9000e+02 7.0710e-01 -

-1.3435e+02- 1.3435e+02i 1.9000e+02 7.0710e-01 -

-!.4142e+02+ 1.4142e+02i 2.0000e+02 7.0710e-01 -

-1.4142e+02- 1.4142e+02i 2.0000e+02 7.0710e-01 -

-i.4849e+02+ 1.4849e+02i 2.1000e+02 7.0710e-01 -

-1.4849e+02- 1.4849e+02i 2.1000e+02 7.0710e-01 -

-1.5556e+02+ 1.5556e+02i 2.2000e+02 7.0710e-01 -

-1.5556e+02- 1.5556e+02i 2.2000e+02 7.0710e-01 -
,|,,,,,|

-1.6263e+02+ 1.6263e+02i 2.3000e+02 7.0710e-01 -

-1.6263e+02- 1.6263e+02i 2.3000e+02 7.0710e-01 -

-1.6970e+02+ 1.6970e+02i 2.4000e+02 7.0710e-01 -

2.4000e+02 7.0710e-01 --1.6970e+02- 1.6970e+02i_
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Table 5. Zeros Of A_pendix C Model For400 in Pitch Rate To Vane Channel

Gain = 4.7673e+06 rad/s/rad
i

i

Root Lo_ation (l/s) Freq. (rad/s) Dam_in_ (-)Description

0 0 1.0000e+00 Pitch "Rate"

-3.3139e-03 3.3139e-03 1.0000e+00 Tau Theta 1

-4.6652e-01 4.6652e-01 1.0000e+00 Tau Theta 2

-7.3330e-01 7.3330e-01 1.0000e+00 Unsteady Aero 1

-1.3576e+00 1.3576e+00 1.0000e+00 Unsteady Aero 2

-1.6974e-01+ 2.1432e+00i 2.1500e+00 7.8952e-02 Aeroelastic 1

-1.6974e-01- 2.1432e+00i 2.1500e+00 .... 7.8952e-02 Aeroelastic 1

-4.2202e+00 4.2202e+00 1.0000e+00 Unstead[Aero 3

Unstead_Aero 4

Unsteady Aero 5

Unsteady Aero 6

Aeroelastic 2

-8.2740e+00 8.2740e+00 1.0000e+00

-9.1709e+00 9.1709e+00 1.0000e+00

-9.4719e+0,0 9.4719e+00 1.0000e+00

-5.8408e-01+ 1.0983e+01i 1.0998e+01 5.3107e-02

-5.8408e-01- 1.0983e+01i 1.0998e÷01 5.3107e-02

-i.1230e+01 1.1230e+01 1.0000e+00

-1.3542e÷01 1.3542e+01 1.0000e÷00

-9.7380e-01÷ 1.5187e+01 i 1.5218e+01 6.3991e-02

-9.7380e-01- 1.5187e+01i 1.5218e+01 6.3991e-02

-1.7335e-01+ 1.7264e+01i 1.7265e÷01 1.0040e-02

-1.7335e-01- i.7264e+01i 1.7265e+01

-6.9425e-01÷ 1.8286e+01i 1.8299e+01

-6.9425e_01- 1.8286e+01i 1.8299e+01

-1.8854e+01 1.8854e+01

-i. 9000e÷01 I. 9000e+01

-2. 3977e-01+ I. 9644e÷01i i. 9646e+01

-2. 3977e-01- i. 9644e+01i i. 9646e÷01

-2. 0000e+01

-2.1000e+01

-2.2000e+01

-2.3000e+01

-3.5589e-01+ 2.3196e+01i

-3.5589e-01- 2. 3196e+01i

-2. 4000e+01

-1.5387e+00+ 2.8611e+01i

-1.5387e+00- 2.8611e+01i

-2.9338e+01

-7.9676e-01+ 3.1663e+01i

-7.9676e-01- 3.1663e+01i

1.0040e-02

3.7940e-02

3.7940e-02

1.0000e+00

1.0000e+00

1.2205e-02

1.2205e-02

2.0000e+01 1.0000e+00

2.1000e+01 1.0000e+00

2.2000e+01 1.0000e+00

2.3000e+01 1.0000e+00

2.3199e÷01 1.5341e-02

2.3199e+01 1.5341e-02

2.4000e+01 1.0000e+00

2.8653e+01 5.3702e-02

2.8653e+01 5.3702e-02

2.9338e+01 1.0000e+00

3.1673e+01 2.5156e-02

-9.1811e-01+ 4.2355e+01i 4.2365e+01

-9.1811e-01- 4.2355e+01i 4.2365e+01

-5.6739e-01÷ 4.4740e+01i 4.4743e+01

Aeroelastic 2

Unstead_Aero 7

Unstead_Aero 8

Aeroelastic 3

Aeroelastic 3

Aeroelastic 4

Aeroelastic 4

Aeroelastic 5

Aeroelastic 5

Unstead_ Aero 9

Stabilator Actuator

Aeroe]astic 6

Aeroelastic 6

Trailing Edge 1 Actuator

Trailing Ed@e 2 Actuator

Elevator Actuator

Trailing Edge 3 Actuator

Aeroelastic 7

Aeroelastic 7

Trailin_ Edge 4 Actuator

Aeroe_astic 8

Aeroe_stic 8

Unsteady Aero I0

Aeroelastic 9

3.1673e+01 2.5156e-02 Aeroelastic 9

4.4743e+01

5.2869e+01

2.1671e-02

2.1671e-02

1.2681e-02

1.2681e-02

1.6486e-02

1.6486e-025.2869e+01

5.5924e+01 1.4044e-02

5.5924e+01 1.4044e-02

5.8902e+01 1.3266e-02

-5.6739e-01- 4.4740e+01i

-8.7159e-01÷ 5.2862e+01i

-8.7159e-01- 5.2862e+01i

-7.8541e-0i÷ 5.5918e+01i

-7.8541e-01- 5.5918e+01i

-7.8138e-01+ 5.8897e+01i

-7.8138e-01- 5.8897e+01i 5.8902e÷01 1.3266e-02

-3.2789e+00+ 6.1390e+01i 6.1478e+01 5.3335e-02

-3.2789e+00- 6.1390e+01i 6.1478e+01 5.3335e-02

-7.6298e-01+ 6.2299e+01i 6.2303e+01 1.2246e-02

-7.6298e-01- 6.2299e÷01i 6.2303e+01 1.2246e-02

-8.3436e-01÷ 6.4451e+01i 6.4457e+01 1.2944e-02

-8.3436e-01- 6.4451e+01i 6.4457e÷01 1.2944e-02

-1.3435e+02+ 1.3435e+02i 1.9000e+02 7.0710e-01

Aeroelastic 10

Aeroelastic 10

Aeroelastic ii

Aeroelastic ii

Aeroe]_stic 12

Aeroelastic 12

Aeroe]a_tic 13

Aeroelastic 13

Aeroelastic 14

Aeroelastic 14

Aeroelastic 15

Aeroelastic 15

Aeroelastic 16

Aeroelastic 16

Aeroelastic 17

Aeroe]astic 17

Stabilator Actuator
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Table 5. Continued
i flnl

-1.3435e+02- 1.3435e+02i 1.9000e+02 7.0710e-01 stabilator Actuator

-1.4142e+02+ 1.4142e+02i 2.0000e+02 7.0710e-01

2.0000e+02 7.0710e-01-I

-I

-I

.4142e+02-

.4849e+02+

1.4142e+02i

1.4849e+02i

.4849e+02- 1 .4849e+02i

2.1000e÷02

2.1000e+02

7.0710e-01

7.0710e-01

Trailin_ Ed@e i Actuator

Trailing Edge 1 Actuator

Trailing Edge 2 Actuator

-1.5556e+'02+ 1.5556e+02i 2.2000e÷02 7.0710e-01

-1.5556e+02- 1.5556e+02i 2.2000e+02 7.0710e-01 Elevator Actuator

-1.6263e+02÷ 1.6263e+02i 2.3000e+02 7.0710e-01

-1.6263e+02- 1.6263e+02i 2.3000e+02 7.07!0e-01

-1.6970e+02+ 1.6970e+02i 2.4000e+02 7.0710e-01

-1.6970e+02- 1.6970e+02i 2.4000e+02 7.0710e-01

Trailin@ Ed@e 2 Actuator

Elevator Actuator

Trailin_ Edge 3 Actuator

Trailing Ed@e 3 Actuator

Trailin_ Ed@e 4 Actuator

Trailin@ Edge 4 Actuator
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Table 6. Zeros Of Appendix C Model For 1,850 in Pitch _te To Vane Channel

Gain = -1.0114e+05 rad/s/rad '
T7 m

IN

Root Location (l/s) Fre_. (rad/s) Damping (-) Description ,

0 0 1. O000e+O0 Pitch "Rate"

-5.8897e-03 5.8897e-03

-4.4322e-01 4.4322e-01

-7.2421e-01 7.2421e-01

-1.3578e+00 1.3578e÷00

-4.1466e+00 4.1466e+00

-5.3080e-01+ 7.9075e+00i 7.9253e+00

-5.3080e-01- 7.9075e+00i 7.9253e+00

-8.1343e+00+ 9.3030e-01i 8.1874e+00

-8.1343e+00- 9.3030e-01i 8.1874e+00

-9.9182e+00+ 7.6790e-02i 9.9185e+00

-9.9182e+00- 7.6790e-02i 9.9185e+00

1.0023e+01 1.0023e+01

-i.1308e+01 1.1308e+01

-1.3738e+01 1.3738e+01

-i.i039e+00+ 1.4258e+01i 1.4301e+01

-i.i039e+00- 1.4258e+01i 1.4301e+01

-1.7316e-01+ 1.7263e+01i 1.7263e+01

-1.7316e-01- 1.7263e+01i 1.7263e+01

-7.7741e-01+ 1.8299e+01i 1.8315e+01

-7.7741e-01- 1.8299e+01i 1.8315e+01

-1.8644e+01 1.8644e+01

-2.3388e-01+ 1.9656e+01i 1.9657e+01

-2.3388e-01- 1.9656e+01i 1.9657e+01

-1.9000e+01 1.9000e+01

-2.0000e+01 2. 0000e+01

-2.1000e+01 2.1000e+01

-2.2000e+01 2. 2000e+01

-3.4935e-01+ 2.3577e+01i 2.3580e+01

-3.4935e-01- 2.3577e+01i 2.3580e+01

-2.3000e+01 2.3000e+01

-2.4000e+01 2.4000e+01

-2.0295e+00+ 2.9157e+01i 2.9227e+01

-2.0295e+00- 2.9157e+01i 2.9227e+01

-2.9561e+01 2.9561e+01

-4.4544e-01+ 3.9346e+01i 3.9349e+01

-4.4544e-01- 3.9346e+01i 3.9349e+01

-8.8010e-01+ 4.2514e+01i 4.2523e+01

-8.8010e-01- 4.2514e+01i 4.2523e+01

-9.4895e-01+ 5.2453e+01i

-9.4895e-01- 5.2453e+01i

-7.8428e-01+ 5.5973e+01i

-7.8428e-01- 5.5973e+01i

-2.9875e+00+ 6.1274e+01i

-2.9875e+00- 6.1274e+01i

-8.3789e-01+ 6.1761e+01i

5.2461e+01

5.2461e+01

5.5978e+01

5.5978e+01

6.1347e+01

6.1347e+01

6.1766e+01

-8.3789e-01- 6.1761e+01i 6.1766e+01

-1.3981e+00+ 6.2873e+0ii 6.2888e+01

-1.3981e+00- 6.2873e+01i 6.2888e+01

-i.i198e+01+ 6.8650e+01i

-i.i198e+01- 6.8650e+01i

9.4640e+00+ 6.9112e+01i

9.4640e+00- 6.9112e+01i

-1.3435e+02+ 1.3435e+02i

6.9557e+01

6.9557e+01

6.9757e+01

6.9757e+01

1.9000e+02

1.0000e+00 Tau Theta 1

1.0000e+00 Tau Theta 2

1.0000e+00 Unsteady Aero 1

1.0000e+00 Unsteady Aero 2

1.0000e+00 Unsteady Aero 3

Aeroelastic 16. 6975e-02
|H|

6.6975e-02

9.9352e-01

9.9352e-01

9. 9997e-01

9.9997e-01

-I. 0000e+00

I. 0000e+00

i. 0000e+00

7.7192e-02

7.7192e-02

i. 0030e-02

i. 0030e-02

4. 2447e-02

4. 2447e-02

1.0000e+00

I. 1898e-02

i. 1898e-02

i. 0000e+00

i. 0000e+00

i. 0000e+00

I. 0000e+00

1.4816e-02

1.4816e-02

i. 0000e+00

I. 0000e+00

6. 9440e-02

6. 9440e-02

i. 0000e+00

I. 1320e-02

I. 1320e-02

2.0697e-02

2. 0697e-02

1.8089e-02

1.8089e-02

I. 4010e-02

1.4010e-02

4. 8699e-02

4.8699e-02

1.3565e-02

1.3565e-02

2. 2231e-02

2. 223 le-02

1.6099e-01

I. 6099e-01

-I. 3567e-01

-I .3567e-01

7.0710e-01

Aeroe]astic 1

Unsteady Aero 4

Unsteady Aero 5

Uns%eadyAero 6

Aeroelastic 2

Aeroelastic 2

Unsteady Aero 7

Unstead_Aero 8

Aeroelastic 3

Aeroelastic 3
l

Aeroelastic 4

Aeroelastic 4

Aeroelastic 5

Aeroelastic 5

Unstead_ Aero 9

Aeroelastic 6

Aeroelastic 6

Stabilator Actuator

Trailing Edge 1 Actuator

Trailing Edge 2 Actuator

Elevator Actuator

Aeroelastic 7

Aeroe_astic 7

Trailing Edge

Trailing Edge

Aeroelastic 8

3 Actuator

4 Actuator

Aeroelastic 8

Unstead_ Aero i0

Aeroelastic 9

Aeroelastic 9

Aeroelastic 10

Aeroelastic i0

Aeroe]astic II

Aeroe]a_tic ii

Aeroelastic 12

Aeroelastic 12

Aeroelastic 13

Aeroelastic 13

Aeroelastic 14

Aeroelastic 14

Aeroelastic 15

Aeroelastic 15

Aeroelastic 16

Aeroelastic 16

Aeroelastic 17

Aeroelastic 17

Stabilator Actuator
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Table 6. Continued

-1.3435e+02- 1.3435e+02i 1.9000e+02 7.0710e-01 Stabilator Actuator

-1.4142e+02+ 1.4142e+02i 2.0000e+02 7.0710e-01

-1.4142e+02- 1.4142e+02i 2.0000e+02 7.0710e-01

-i

-i

-i

-i

•4849e+02+ !. 4849e+02i

.4849e+02- 1.4849e+02i

.5556e+02+ 1.5556e+02i

.5556e+02- 1.5556e+02i

.0710e-012.1000e+02 7

2.1000e÷02 7

2.2000e+02 7

2.2000e÷02

2.3000e÷02

2.3000e÷02

2.4000e÷02

2.4000e÷02

.0710e-01

.0710e-01

7. 0710e-01

-1.6263e+02+ 1.6263e+02i 7.0710e-01

-1.6263e+02- 1.6263e+02i 7.0710e-01

-1.6970e+02+ 1.6970e+02i 7.0710e-01

-1.6970e+02- 1.6970e+02i 7.0710e-01

Trailing Edge 1 Actuator

Trailing Ed@e 1 Actuator

Trailing Edge 2 Actuator

Trailing Edge 2 Actuator

Elevator Actuator

Elevator Actuator

Trailing Edge 3 Actuator

Trailing Edge 3 Actuator

Trailing Edge 4 Actuator

Trailing Edge 4 Actuator
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Table 7. Zeros Of A_endix C Model For 3,460 in Pitch Rate To Vane Channel

Gain = -8.7033e+04 rad/s/rad
i

Root Location (l/s) Freq. (rad/s) Dam_in_ (_)H Description

0 0 1.0000e+00 -

-7.4858e-03 7.4858e-03 l. OOO0e+00 -

-4.2794e-01 4.2794e-01 1.0000e+00

-7.1636e-01 7.1636e-01 1.0000e+00

-1.3583e+00 1.3583e+00 1.0000e+00

-4.3347e+00+ 3.8391e-01i 4.3516e+00 9.9610e-01

-4.3347e+00- 3.8391e-01i 4.3516e+00 9.9610e-01

4.8353e+00 4.8353e+00 -l.0000e+00

-8.6186e+00 8.6186e+00 1.0000e+00

-9.5966e+00+ 1.5892e+00i 9.7273e+00 9.8656e-01

-9.5966e+00- 1.5892e+00i 9.7273e+00 9.8656ej0i

-i.1234e+01 1.1234e+01 1.0000e+00

-1.2946e+01

-1.2364e+00+ 1.4013e+01i

-1.2364e+00- 1.4013e+01i

-1.6332e+01

-1.7346e-01+ 1.7262e+01i

-1.7346e-01- 1.7262e+01i

1.2946e+01 1.0000e+00

1.4067e+01 8.7892e-02

1.4067e+01 8.7892e-02

1.6332e+01 1.0000e+00

1.7263e+01 1.0048e-02

1.7263e+01 1.0048e-02

-7.7301e-01+ 1.8672e+01i 1.8688e+01

-7.7301e-01- 1.8672e+01i 1.8688e+01
i

-1.9276e+01+ 4.4104e-01i 1.9281e+01

-1.9276e+01- 4.4104e-01i

-2.1396e-01+ 1.9690e+01i

-2.1396e-01- 1.9690e+01i

-2.1554e+01+ 8.8990e-01i

-2.1554e+01- 8.8990e-01i

-2.3676e+01+ 6.7014e-02i

-2.3676e+01- 6.7014e-02i

-3.4488e-01+ 2.4429e+01i

-3.4488e-01- 2.4429e+01i

1.5449e+01+ 2.1453e+01i

i. 5449e+01- 2.1453e+01i

-1.5327e+01+ 2.1753e+01i

-I. 5327e+01- 2.1753e+01i

-2. 977 Be+01

-2.2172e+00+ 3.3092e+01i

-2.2172e+00- 3. 3092e+01i

-9.0747e-01+ 4.1976e+01i

-9.0747e-01- 4.1976e+01i

-9.3167e-01+ 5.1790e+01i

-9. 3167e-01- 5. 1790e+01i

-7.2913e-01+ 5. 6576e+01i

-7.2913e-01- 5.6576e+01i

-1.4811e+01÷ 5.7947e+01i

-1.4811e+01- 5.7947e+01i

-3.2853e+00+ 6. i186e+01i

-3.2853e+00- 6.1186e+01i

-7.7845e-01+ 6.2420e+01i

-7.7845e-01- 6_2420e+01i

1.6669e+01+ 6.1058e+01i

1.6669e+01- 6.1058e+01i

2.1926e+00+ 7.2660e+01i

2.1926e+00- 7.2660e+01i

-1.3435e+02+ 1.3435e+02i

4.1365e-02

4.1365e-02

9.9974e-01

1.9281e+01 9.9974e-01

1.9691e+01 1.0866e-02

1.9691e+01 1.0866e-02

2.1573e+01 9.9915e-01

2.1573e÷01 9.9915e-01

2.3676e+01 1.0000e+00

2.3676e+01 1.0000e+00

2.4432e+01 1.4116e-02

2.4432e+01 1.4116e-02

2.6436e+01 -5.8437e-01

2.6436e+01 -5.8437e-01

2.6610e+01 5.7597e-01

2.6610e+01 5.7597e-01

2.9778e+01 1.0000e+00

3.3166e+01 6.6852e-02

3.3166e+01 6.6852e-02

4.1986e+01 2.1614e-02

4.1986e+01 2.1614e-02

5.1799e+01 1.7986e-02

5.1799e+01 1.7986e-02

5.6581e+01 1.2887e-02

5.6581e+01 1.2887e-02

5.9810e+01 2.4763e-01

5.9810e+01 2.4763e-01

6.1274e+01 5.3616e-02

6.1274e+01 5.3616e-02

6.2425e+01 1.2470e-02

6.2425e+01 1.2470e-02

6.3292e+01 -2.6337e-01

6.3292e+01 -2.6337e-01

7.2693e+01 -3.0162e-02

7.2693e+01 -3.0162e-02

1.9000e+02 7.0710e-01
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Table 7. Continued

-1.3435e÷02' 1.34359_02i 1.9000e+02 7.0710e-01 _ -

-1.4142e+02+ 1.4142e+02i 2.0000e+02 7.0710e-01 -

-1.4142e+02- 1.4142e+02i 2.0000e+02 7.0710e-01 -

-1.4849e+02+ 1.4849e+02i 2.1000e+02 7.0710e-01 -

-1.4849e+02- 1.4849e+02i 2.1000e+02 7.0710e-01 -

-1.5556e+02+ 1.5556e+02i 2.2000e+02" 7.0710e-01 -

-1.5556e+02- 1.5556e+02i 2.2000e+02 7.0710e-01 -

-1.6263e+02+ 1.6263e+02i 2.3000e+02 7.0710e-01 -

-1.6263e+02- 1.6263e+02i 2.3000e+02 7.0710e-01 -

-1.6970e+02+ 1.6970e+02i 2.4000e+02 7.0710e-01 -

-1.6970e+02- 1.6970e+02i 2.4000e+02 7.0710e-01 -
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Table 8. Zeros Of Appendix C

Gain = -2.7221e+02 ft/s^2/rad

Root Location (l/s)

0

2.8141e-02

-6.5819e-01

-4.2680e-01+ 1.0391e+00i

-4.2680e-01- 1.0391e+00i

-1.3576e+00

-4.1873e+00

Model For 400 in Vertical Acceleration To Elevator Channel

-I.0709e+01

-i.0778e+01+ 2.8160e+00i

Freq. (rad/s) Da_ing (-) Description

0 1.0000e+00 -

2. 8141e-02 -i. 0000e+00

6. 5819e-01 I. 0000e+00

1.1233e+00 3.7994e-01

i. 1233e+00

1.3576e+00

4.1873e+00

3.7994e-01

1.0000e+00

l.O000e+O0

-6.8167e+00 6.8167e+00 1.0000e+00

-8.1987e÷00 8.1987e+00 1.0000e+00

1.0709e+01 1.0000e+00

-i.0778e+01- 2.8160e+00i

1.2035e+01

-i.0692e+01+ 8.9173e+00i

-I.0692e+01- 8.9173e+00i

-I.1979e+00+ 1.4149e+01i

-i.1979e+00- 1.4149e+01i

l.l140e+01

l.l140e+01

1.2035e+01

1.3922e+01

1.3922e÷01

9.6752e-01

9.6752e-01

-l.0000e+00

7.6795e-01

7.6795e-01

1.4200e+01 8.4357e-02

1.4200e+01 8.4357e-02

-1.6154e+01 1.6154e+01

-1.7283e-01+ 1.7263e+01i 1.7263e+01

-1.7283e-01- 1.7263e+01i 1.7263e+01

-7.2877e-01÷ 1.8871e+01i 1.8885e÷01

-7.2877e-01- 1.8871e+01i 1.8885e+01

-1.9000e+01 1.9000e+01

-2.0823e-01+ 1.9702e+01i 1.9703e+01

-2.0823e-01- 1.9702e+01i

-2.0000e+01

1.0000e+00

1.0011e-02

1.0011e-02

3.8590e-02

3.8590e-02

1.0000e+00

1.0568e-02

1.9703e+01 1.0568e-02

2.0000e+01 1.0000e÷00

-2.0999e+01 2.0999e+01

1.5952e+01+ 1.5076e+01i 2.1949e+01

1.5952e+01- 1.5076e+01i 2.1949e+01

1.0000e+00

-7.2678e-01

-7.2678e-01

1.0000e+00

l. O000e+O0

1.0000e+00

1.1449e-02

1.1449e-02

-2.2001e+01 2.2001e+01

-2.3001e+01 2.3001e+01

-2.4001e+01 2.4001e+01

-2.7952e-01+ 2.4414e+01i 2.4415e+01

-2.7952e-01- 2.4414e+01i 2.4415e+01

-9.1251e+00+ 2.3142e+01i

-9.1251e+00- 2.3142e+01i

2.4876e+01 3.6682e-01

2.4876e+01 3.6682e-01

-3.3857e+01 3.3857e+01

3.4622e+00+ 3.7807e+01i 3.7965e+01

3.4622e+00- 3.7807e+01i 3.7965e+01

4.1915e+01

4.1915e+01

4.5358e+01

4.5358e+01

5.6140e+01

5.6140e+01

-3.5137e-01÷ 4.1913e+01i

-3.5137e-01- 4.1913e+01i

-2.6411e+00+ 4.5281e+01i

-2.6411e+00- 4.5281e+01i

1.2798e+00+ 5.6126e+01i

1.2798e+00- 5.6126e+01i

-1.9557e+00+ 5.6439e+01i 5.6473e+01

-1.9557e+00- 5.6439e+01i 5.6473e+01

-i.0494e+00+ 5.7782e+011 5.7792e+01

-I.0494e+00- 5.7782e+01i 5.7792e+01

1.0000e+00

-9.1193e-02

-9.1193e-02

8.3829e-03

8.3829e-03

5.8229e-02

5.8229e-02

-2.2796e-02

-2.2796e-02

3.4630e-02

3.4630e-02

1.8158e-02

1.8158e-02

5.5145e-02

5.5145e-02

1.3733e-02

6.1760e+01

6.1760e+01

6.2349e+01

-3.4058e+00+ 6.1666e+01i

-3.4058e+00- 6.1666e+01i

-8.5624e-01+ 6.2343e+01i

-8.5624e-01- 6.2343e+01i

-7.9946e-01+ 6.6205e+01i

6.2349e+01 1.3733e-02

6.6210e+01 1.2075e-02
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Table 8. Continued

-7.9946e-01- 6.6205e+01i 6.6210e÷01

-1.3435e÷02+ 1.3435e+02i 1.9000e+02

-1.3435e+02- 1.3435e+02i 1.9000e+02

-1.4142e+02+ 1.4142e+02i 2.0000e+02

-1.4142e+02- 1.4142e+02i 2.0000e+02

-1.4849e+02+ 1.4849e+02i 2.1000e+02

-1.4849e+02- 1.4849e+02i 2.1000e+02

-1.5556e+02+ 1.5556e+02i 2.2000e+02 - ,,

-1.5556e+02- 1.5556e+02i 2.2000e+02 - . ,

-1.6263e+02+ 1.6263e+02i 2.3000e+02

-1.6263e+02- 1.6263e+02i 2.3000e+02

-1.6970e+02+ 1.6970e+02i 2.4000e+02

-1.6970e+02- 1.6970e+02i 2.4000e+02 - .....

-2.1977e+03 2.1977e+03 -

ii

1.2075e-02

7.0710e-01

7.0710e-01

7. 0710e-01

7.0710e-01

7. 0710e-01

7.0710e-01

7.0710e-01

7.0710e-01

7.0710e-01

7.0710e-01

7.0710e-01

7.0710e-01

1.0000e+00
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Table 9.

Gain = 4.1678e+02 ft/s^2/rad
l

Root Location (i/s) Freq. (rad/s)

0 0

Zeros Of Appendix C Model For 1,850 in Vertical Acceleration To Elevator Channel

2.8583e-02 2.8583e-02

-6.4979e-01 6.4979e-01

-1.3543e+00 1.3543e+00

-2.6731e+00 2.6731e+00

2.6570e+00+ 2.7515e+00i 3.8250e+00

2.6570e+00- 2.7515e+00i 3.8250e+00

-3.8479e+00+ 1.9085e+00i 4.2952e+00

4.2952e+00

8.4043e+00

8.4043e+00

-3.8479e+00- 1.9085e+00i

-8.3750e+00+ 7.0143e-01i

-8.3750e+00- 7.0143e-01i

Dam_in_ (-)

1.0000e+00

-l.0000e+00

1.0000e+00

1.0000e+00

1.0000e+00

-6,9465e-01

-6.9465e-01

8.9586e-01

8.9586e-01

9.9651e-01

9.9651e-01

I.I055e+01 9.9901e-01

i.i055e+01 9.9901e-01

1.4809e+01 9.3778e-02

-I.I044e+01+ 4.9147e-01i

-i.i044e+01- 4.9147e-01i

-1.3887e+00+ 1.4743e+01i

-1.3887e+00- 1.4743e+01i 1.4809e+01

-1.3873e+01+ 8.8758e+00i 1.6469e+01

-1.3873e+01- 8.8758e+00i 1.6469e+01

-1.7334e-01+ 1.7261e+01i 1.7262e+01

-l.7334e-01T_.l.7261e+01i 1.7262e+01

-1.7557e+01 1.7557e+01

-1.8996e+01 1.8996e+01

1.0835e+00+ 1.8987e+01i 1.9018e+01

1.0835e+00- 1.8987e+01i 1.9018e+01

-1.4395e+00+ 1.9328e+01i 1.9381e+01

-1.4395e+00- 1.9328e+01i 1.9381e+01

-2.5923e-01+ 1.9634e+01i 1.9636e+01

-2.5923e-01- 1.9634e+01i 1.9636e+01

-2.0014e+01 2.0014e+01

-2.0980e+01 2.0980e+01

-2.2015e+01 2.2015e+01

-2.2995e+01 2.2995e+01

.4001e+01 2.4001e+01-2

-2 .9927e-01+ 2.4438e+01i 2.4440e+01

.9927e-01- 2.4438e+01i 2.4440e+01-2

2.9460e+01-2.9460e+01

-2.8137e+00+ 4.2076e+01i 4.2170e+01

-2.8137e+00- 4.2076e+01i 4.2170e+01

9.4830e-01+ 4. 3830e+01i 4.3840e+01

9.4830e-01- 4.3830e+01i 4.3840e+01

9.7969e+00+ 4. 4541e+01i 4. 5606e+01

9.7969e+00- 4.4541e+01i 4.5606e+01

-4.9144e+00+ 4.5883e+01i 4.6145e+01

-4. 9144e+00- 4. 5883e+01i 4. 6145e+01

5.3740e+01 5.3740e+0i

-7. 1092e-01+ 5. 6392e+01i 5.6396e+01

-7. I092e-01- 5. 6392e+01i 5.6396e+01

-5.7376e+01 5.7376e+01

-3. 5922e+00+ 6.12 _-7e+01i 6. 1332e+01

-3. 5922e+00- 6. 1227e+01i 6. 1332e+01

-8.2971e-01+ 6.2326e+01i 6.2331e+01

-8.2971e-01- 6.2326e+01i 6.2331e+01

-6. 8153e-01+ 6. 3081e+01i 6.3085e+01

-6. 8153e-01- 6.3081e+01i 6.3085e+01

9.3778e-02
w

8.4235e-01

8.4235e-01

Description

1.0042e-02

1.0042e-02

1.0000e+00

1.0000e+00

-5.6971e-02

-5.6971e-02

7.4273e-02

i 7.4273e-02

1.3202e-02

1.3202e-02

l. O000e+O0

1.0000e+00

l.O000e+O0

l. O000e+O0

1.0000e+00

1.2245e-02

1.2245e-02

1.0000e+00

6.6724e-02

6.6724e-02

-2.1631e-02

-2.1631e-02

-2.1482e-01

-2.1482e-01

1.0650e-01

1.0650e-01

-l.0000e+00

1.2606e-02

1.2606e-02

1.0000e+00

5.8569e-02

5.8569e-02

1.3311e-02

1.3311e-02

1.0803e-02

1.0803e-02

1.2074e-01-8. 8967e+00+ 7.3i47e+01i 7.3686e+01
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Table 9. Continued

-8.8967e+00- 7.3147e+01i 7.3686e+01 1.2074e-01 -

1.4421e+02 1.4421e+02 -l.0000e+00 -

-1.3435e+02+'" 1.3435e+02i 1.9000e+02 7.0710e-01 -

-1.3435e+02- 1.3435e+02i 1.9000e+02 7.0710e-01 -

-1.4142e+02+ 1.4!42e+02i 2.0000e+02 7.0710e-01 -

-1.4142e+02- 1.4142e+02i 2.0000e+02 7.0710e-01 -

-1.4849e+02+ 1.4849e+02i 2.1000e+02 7.0710e-01 -
,,,,,

-1.4849e+02- 1.4849e+02i 2.1000e+02 7._0710e-01 -

7.0710e-01-1.5556e+02+ 1.5556e+02i

-1.5556e+02- 1.5556e÷02i

-1.6263e+02+ 1.6263e+02i

2.2000e+02

2.2000e+02

2.3000e+02

7.0710e-01

7.0710e-01
7r

-1.6263e+02- 1.6263e+02i 2.3000e+02 7.0710e-01 -

-1.6970e+02+ 1.6970e+02i 2.4000e+02 7.0710e-01 - ......

-1.6970e+02- 1.6970e+02i 2.4000e+02 7.0710e-01 .., -
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Table I0.

Gain = -4.7630e+04 ft/s^2/rad

Root Location (l/s!

0

2.9119e-02

-6.3989e-01

7.8598e-01

-i.1694e+00

-1.3669e+00

-4.3328e+00

Zeros Of Appendix C Model For 3,460 in Vertical Acceleration To Elevator Channel

Dampinq (-) Description

1.0000e+00

Freq. (rad/s)

0

2.9119e-02 -i.0000e+00

6.3989e-01 1.0000e+00

7.8598e-01 -l.0000e+00

i.!694e+00

1.3669e+00

4.3328e+00

-2.5960e-01+ 4.9448e+00i 4.9516e+00

-2.5960e-01- 4.9448e+00i 4.9516e+00

-8.3225e+00+ 8.9255e-02i 8.3230e+00

8.3230e+00

1.0000e+00

1.0000e+00

1.0000e+00

5.2427e-02

5.2427e-02

9.9994e-01

-8.3225e+00- 8.9255e-02i

-I.0314e+01

-i.i198e+01

-3.5672e-01+ 1.1791e+01i

-3.5672e-01- 1.1791e+01i

-1.2942e+01

-i.1789e+00+ 1.5827e+01i

9.9994e-01

-i.1789e+00- i.5827e+01i

-1.7752e-01+ 1.7268e+01i

-1.7752e-01- 1.7268e+01i

-1.8048e+01

-1.9024e+01

-4.1523e-01+ 1.9484e+01i

-4.1523e-01- 1.9484e+01i

-1.9948e+01

-2.1381e-01+ 2.0099e+01i

1.0000e+001.0314e+01

i. I198e+01 1.0000e+00

-2.1381e-01- 2.0099e+01i

-2.1068e+01

3.0240e-02

-2.1947e+01

-2.3022e+01

-2.3997e+01

-3.0124e-01+ 2.4214e+01i

-3.0124e-01- 2.4214e+01i

-3.5416e-01+ 2.4936e+01i

1.1796e+01

1.1796e+01 3.0240e-02 -

1.2942e+01 1.0000e+00 -

1.5871e+01 7.4282e-02 -

1.5871e+01 7.4282e-02

1.7268e+01 1.0280e-02 -

1.7268e+01 1.0280e-02 -

1.8048e+01 1.0000e+00 -

1.9024e+01 1.0000e+00 -

1.9489e+01 2.1306e-02 -

1.9489e+01 2.1306e-02

1.9948e+01 1.0000e+00 - -

2.0100e+01 1.0637e-02 -

2.0100e+01 1.0637e-02

2.1068e+01 1.0000e+00 -

2.1947e+01 1.0000e+00 -

2.3022e+01 1.0000e+00 -

2.3997e+01 1.0000e+00 -

2.4216e+01 1.2440e-02 -

2.4216e+01

2.4938e+01

1.2440e-02

1.4201e-02

1.4201e-02-3.5416e-01- 2:4936e+01i 2.4938e+01

-3.4326e+01 3.4326e+01

-1.9588e-01+ 3.6283e+01i 3.6283e+01

-1.9588e-01- 3.6283e+01i 3.6283e+01

l.O000e+O0

5.3988e-03

5.3988e-03

4.4929e+01 2.3111e-02 -

4.4929e+01 2.3 llle- 02

4. 8794e+01 i. i176e-01 -

4. 8794e+01 i. I176e-01 -

4.8978e+01 -i.1835e-01 -

4.8978e+0i -i.1835e-01 -

-i. 0383e+00+ 4. 4917e+01i

-i. 0383e+00- 4. 4917e+01i

-5.4531e+00+ 4. 8488e+01i

-5. 4531e+00- 4. 8488e+01i

5.7963e+00+ 4.8633e+01i

5.7963e+00- 4. 8633e+01i

8.7001e-01

8.7001e-01

-4.6655e+01+ 2.6440e+01i 5.3627e+01

-4.6655e+01- 2.6440e+01i 5.3627e+01

-5-8572e-01+ 5.5390e+01i 5.5393e+01 1.0574e-02

5.5393e+01 1.0574e-02 -

5.8973e+01 1.3539e-02 -

5.8973e+01 1.3539e-02

6.1364e+01 5.5924e-02 -

6.1364e+01 5.5924e-02 -

1.3378e-02

1.3378e-02

-5.8572e-01- 5.5390e+01i

-7.9841e-01+ 5.8967e+01i

-7.9841e-01- 5.8967e+01i

-3.4317e+00+ 6.1268e+01i

-3.4317e+00- 6.1268e+01i

-8.3454e-01+ 6.2375e+01i 6.2381e+01

-8.3454e-01- 6.2375e+01i 6.2381e+01
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Table I0. Continued

'_6.5819e-01+ 6.4598e+01i 6.4601e+01 1.0188e-02 -

-6.5819e_01- 6.4598e+01i 6.4601e+01 1.0188e-02 -

-1.3435e+02+ 1.3435e+02i 1.9000e+02 7.0710e-01 -

-1.3435e+02- 1.3435e+02i

-1.4142e+02+ 1.4142e+02i

-i. 4142e+02- I. 4142e+02i

-1.4849e+02+ 1.4849e+02i

-1.4849e+02- 1.4849e+02i

-1.5556e+02+ 1.5556e+02i

-i. 5556e+02- 1.5556e+02i

I. 6263e+02i-1.6263e+02+

-1_6263e+02- 1.6263e+02i

-1.6970e+02+ 1.6970e+02i

-1.6970e+02- 1.6970e+02i

1.9000e+02 7.0710e-01 -

2.0000e+02 7.0710e-01 -

2.0000e+02 7.0710e-01 -

2.1000e+02 7.0710e-01 -

2.1000e+02 7.0710e-01 -

2.2000e+02 7.0710e-01 -

2.2000e+02 7.0710e-01 -

7.0710e-012.3000e+02

2.3000e+02 7.0710e-01

2.4000e÷02 7.0710e-01 -

2.4000e+02 7.0710e-01 -
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Table ii. Zeros Of Appendix

Gain = -I.1449e+08 ft/s^2/rad

Root Location (l/s)

0

3.0288e-02

-6.5797e-01

-3-5405e-01+ 8.4868e-01i

-3.5405e-01- 8.4868e-01i

-1.3617e+00

-1.8699e-01+ 3.7613e+00i

-1.8699e-01- 3.7613e+00i

-4.2833e+00

-8.2366e+00

C Model For 400 in Vertical Acceleration To Vane Channel

Freq. (rad/s) Dam_ing (-) Description

0 1.0000e+00 -

3.0288e-02 -l.0000e+00 -

6.5797e-01 1.0000e+00 -

9.1957e-01 3.8501e-01 -

9.1957e-01 3.8501e-01 -

1.3617e+00 1.0000e+00 -

3.7660e+00 4.9652e-02

3.7660e+00 4.9652e-02

4.2833e+00 1.0000e+00

8.2366e+00 1.0000e+00

-9.0232e+00 9.0232e+00 1.0000e+00

-9.5754e+00 9.5754e+00 1.0000e+00

-I.1242e+01 1.1242e+01 1.0000e+00

-6.8811e-01+ 1.1874e+01i 1.1894e+01 5.7853e-02

-6.8811e-01- 1.1874e+01i 1.1894e+01 5.7853e-02

-1.3531e+01 1.3531e+01 1.0000e+00

-i.1220e+00+ 1.6234e+01i 1.6273e+01 6.8946e-02

-i.1220e+00- 1.6234e+01i 1.6273e+01 6.8946e-02

-1.8133e-01+ 1.7270e+01i 1.7271e+01 1.0500e-02

-1.8133e-01- 1.7270e+01i 1.7271e+01 1.0500e-02

-1.8889e+01 1.8889e+01 1.0000e+00

-1.9084e+01 1.9084e+01

-4.7644e-01+ 1.9255e+01i 1.9261e+01

-4.7644e-01- 1.9255e+01 i 1.9261e+01

-1.9882e-01+ 1.9819e+01i 1.9820e+01

-1.9882e-01- 1.9819e+011 1.9820e+01

-1.9966e+01 1.9966e+01

-2.1029e+01 2.1029e+01

-2.1982e+01 2.1982e+01

1.0000e+00

2.4736e-02

2.4736e-02

1.0031e-02

1.0031e-02

1.0000e+00

l. O000e+O0

1.0000e+00

-2.3007e+01 2.3007e+01 1.0000e+00

-3.2989e-01+ 2.3711e+01i 2.3713e+01 1.3912e-02

-3.2989e-01- 2.3711e+01i 2.3713e+01 1.3912e-02

-2.4000e+01 2.4000e+01 1.0000e+00

-1.8381e+00+ 2.9033e+01i 2.9091e+01 6.3183e-02

-1.8381e+00- 2.9033e+01i 2.9091e+01 6.3183e-02

-2.9319e+01 2.9319e+01 1.0000e+00

-5.2959e-01+ 3.4214e+01i 3.4218e+01 1.5477e-02

-5.2959e-01- 3.4214e+01i 3.4218e+01

-9.1753e-01+ 4.2387e+01i

-9.1753e-01- 4.2387e+01i

4.2397e+01

4.2397e+01

4.6166e+01

4.6166e+01

5.3524e+01

5.3524e+01

5.6032e+01

5.6032e+01

6.0201e+01

6.0201e+01

6.1497e+01

6.1497e+01

6.2367e+01

6.2367e+01

6.4956e+01

6.4956e+01

-6.5603e-01+ 4.6162e+01i

_6.5603e-01- 4.6162e+01i

-9.0926e-01÷ 5.3517e+01i

-9.0926e-01- 5.3517e+01i

-7.4626e-01+ 5.6027e+01i

-7.4626e-01- 5.6027e+01i

-8.7183e-01+ 6.0194e+01i

-8.7183e-01- 6.0194e+01i

-3.2372e+00+ 6.1411e+01i

-3.2372e+00- 6.1411e+01i

-8.3211e-01+ 6.2361e+01i

-8.3211e-01- 6.2361e+01i

-7.4028e-01+ 6.4952e+01i

-7.4028e-01- 6.4952e+01i

1.5477e-02

2.1641e-02

2.1641e-02

1.4210e-02

1.4210e-02

1.6988e-02

1.6988e-02

1.3318e-02

1.3318e-02

1.4482e-02

1.4482e-02

5.2640e-02

5.2640e-02

1.3342e-02

1.3342e-02

1.1397e-02

1.1397e-02
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Table ii. Continued

1.9000e+02 7.0710e-01 --1.3435e+02+ 1.3435e+02i

-i .3435e+02- 1.3435e+02i 1.9000e+02 7.0710e-01

-1.4142e+02+ 1.4142e+02i 2.0000e+02 7.0710e-01 -

-1.4142e+02- 1.4142e+02i 2.0000e+02 7.0710e-01 -

-1.4849e+02+ 1.4849e+02i 2.1000e+02 7.0710e-01 -

-1.4849e+02- 1.4849e+02i 2.1000e+02 7.0710e-01 -

-1.5556e+02+ 1.5556e+02i 2.2000e+02 7.0710e-01 -

-1.5556e+02- 1.5556e+02i 2.2000e+02 7.0710e-01 -

-1.6263e+02+ 1.6263e+02i 2.3000e+02 7.0710e-01 -

-1.6263e+02- 1.6263e+02i 2.3000e+02 7.0710e-01

1.6970e+02i 2.4000e+02 7.0710e-01-1.6970e+02+

-1.6970e+02- 1.6970e+02i 2.4000e+02 7.0710e-01
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Table 12. Zeros Of Appendix C Model For 1,850 in Vertical Acceleration To Vane Channel

Gain = 4.1381e+06 ft/s^2/rad

Root Location (l/s) Freq. (rad/s) Dam_in_ (-) Description

0 0 1.0000e+00

3.0796e-02 3.0796e-02 -l.0000e+00

-6.4906e-01 6.4906e-01 1.0000e+00

-1.3655e+00 1.3655e+00 1.0000e+00

-4.6747e-01+ 1.5489e+00i 1.6179e+00 2.8894e-01

-4.6747e-01- 1.5489e+00i 1.6179e+00 2.8894e-01

-4.3712e+00+ 1.1292e+00i 4.5147e+00 9.6822e-01

-4.3712e+00- 1.1292e+00i 4.5147e+00 9.6822e-01

5.7079e+00 5.7079e+00 -l.O000e+O0

-8.7026e+00

-9.5564e+00+ 8.1969e-01i

-9.5564e+00- 8.1969e-01i

-i.1263e+01

-8.0603e-01+ 1.1445e+01i

-8.0603e-01- 1.1445e+01i

-1.3651e+01

-1.2638e+00+ 1.6703e+01i

-1.2638e+00- 1.6703e+01i

-1.8474e-01+ 1.7266e+01i

-1.8474e-01- 1.7266e+01i

-1.8733e+01

-1.9001e+01

-3.0507e-01+ 1.9575e+01i

-3.0507e-01- 1.9575e+01i

-1.9995e+01

-2.1009e+01

-3.5986e-01+ 2.1410e+01i

-3.5986e-01- 2.1410e+01i

-2.1991e+01

-2.3006e+01

-2.3999e+01

-4.1818e-01+ 2.5738e+01i

-4.1818e-01- 2.5738e+01i

-2.9350e+01

-1.8446e+00+ 2.9947e+01i

-1.8446e+00- 2.9947e+01i

-9.1895e-01+ 4.2422e+01i

-9.1895e-01- 4.2422e+01i

-9.3715e-01+ 4.7993e+01i

-9.3715e-01- 4.7993e+01i

-1.6170e+01+ 5.1722e+01i

8.7026e+00 1.0000e+00

9.5915e+00 9.9634e-01

9.5915e+00 9.9634e-01

1.1263e+01 1.0000e+00

1.1473e+01 7.0253e-02

1.1473e+01 7.0253e-02

1.3651e+01 1.0000e+00

1.6751e+01 7.5444e-02

1.6751e+01 7.5444e-02

1.7267e+01 1.0699e-02

1.7267e+01 1.0699e-02

1.8733e+01 1.0000e+00

1.9001e+01 1.0000e+00

1.9577e+01 1.5583e-02

1.9577e+01 1.5583e-02

1.9995e+01 1.0000e+00

2.1009e+01 1.0000e+00

2.1413e+01 1.6806e-02

2.1413e+01 1.6806e-02

2.1991e+01 1.0000e+00

2.3006e+01 1.0000e+00

2.3999e+01 1.0000e+00

2.5741e+01 1.6246e-02

2.5741e+01 1.6246e-02

2.9350e+01 1.0000e+00

3.0003e+01 6.1478e-02

3.0003e+01 6.1478e-02

4.2432e+01 2.1657e-02

4.2432e+01 2.1657e-02

4.8002e+01 1.9523e-02

4.8002e+01 1.9523e-02

5.4191e+01

-1.6170e+01- 5.1722e+01i 5.4191e+01

1.5907e+01+ 5.2752e+01i 5.5098e+01

1.5907e+01- 5.2752e+01i 5.5098e+01

-9.8295e-01+ 5.5499e+01i 5.5507e+01

-9.8295e-01- 5.5499e+01i

-7.8327e-01+ 5.7572e+01i

-7.8327e-01- 5.7572e+01i

-3.3305e+00+ 6.1438e+01i

-3.3305e+00- 6.1438e+01i

-8.0793e-01+ 6.2360e+01i

-8.0793e-01- 6.2360e+01i

-5.4590e-01+ 6.7212e+01i

-5.4590e-01- 6.7212e+01i

2.9839e-01

2.9839e-01

-2.8871e-01

-2.8871e-01

1.7708e-02

5.5507e+01 1.7708e-02

5.7577e+01 1.3604e-02

5.7577e+01 1.3604e-02

6.1528e+01 5.4129e-02

6.1528e+01 5.4129e-02

6.2365e+01 1.2955e-02

6.2365e+01 1.2955e-02

6.7214e+01 8.1218e-03

6.7214e+01 8.1218e-03
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Table 12. continued

-1.3435e+02+ 1.3435e+02i 1.9000e+02 7.0710e-01 -

-1.3435e+02- 1.3435e+02i 1.9000e+02 7.0710e-01 $

-1.4142e+02+ 1.4142e+02i 2.0000e+02 7.0710e-01 -

-1.4142e+02- 1.4142e+02i 2.0000e+02 7.0710e-01 -

-1.4849e+02+ 1.4849e+02i 2.1000e+02 7.07!0e-01 -

-1.4849e+02- 1.4849e+02i 2.1000e+02 7.0710e-01 -

-1.5556e+02+ !.5556e+02i 2.2000e+02 7.0710e-01 -

-1.5556e÷02- 1.5556e+02i 2.2000e+02 7.0710e-01 -

-1.6263e+02+ 1.6263e+02i 2.3000e+02 7.0710e-01 -

-i.6263e+02- 1.6263e+02i 2.3000e+02 7.0710e-01 -

-1.6970e+02+ 1.6970e+02i 2.4000e+02 7.0710e-01 -

-1.6970e+02- 1.6970e+02i 2.4000e+02 7.0710e-01 -
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Table 13. Zeros Of Appendix C Model For 3,460 in Vertical Acceleration To Vane _Channel

Gain = -7.7040e+06 ft/s^2/rad

Root Location (l/s)
ili

0

Freq. (rad/s)

0

3.1449e-02

6.3766e-01

1.0518e+00

Dampin@ (-)

1.0000e+00

-l.0000e+00

1.0000e+00

3.1449e-02

-6.3766e-01

1.0518e+00 -l.0000e÷00

-1.3765e+00+ 7.2361e-02i 1.3784e÷00 9.9862e-01

-1.3765e+00- 7.2361e-02i 1.3784e+00 9.9862e-01

1.0000e+00-3.7560e+00

5.8962e+00

-6.1385e+00

-8.3526e+00

-9.6928e+00+ 1.6130e+00i

Description

3.7560e+00

5.8962e+00 -l.0000e+00 -

6.1385e+00 1.0000e+00 -

8.3526e+00 1.0000e+00 -

9.8261e+00 9.8643e-01 -

1.1071e+01

-9.6928e+00- 1.6130e+00i 9.8261e+00

-l.1071e+01

-1.3098e+01

-1.2120e+00+ 1.4118e+01i

-1.2120e+00- 1.4118e+01i

-1.6628e+01

-1.7340e-01÷ 1.7262e+01i

-1.7340e-01- 1.7262e+01i

-7.5721e-01+ 1.8654e+01i

-7.5721e-01- 1.8654e+01i

1.3098e+01

1.4170e+01

1.4170e+01

1.6628e+01

1.7263e+01

1.7263e+01

1.8669e+01

1.8669e+01

9.8643e-01

1.0000e+00

1.0000e+00

8.5535e-02

8.5535e-02

1.0000e+00

1.0045e-02

1.0045e-02

4.0560e-02

4.0560e-02

1.0000e+001.8999e+01-1.8999e+01

-2.1367e-01+ 1.9685e+01i 1.9686e+01 1.0854e-02

-2.1367e-01- 1.9685e+01i 1.9686e+01 1.0854e-02 -

-2.0002e+01 2.0002e+01 1.0000e+00 -

-2.0998e+01 2.0998e+01 1.0000e+00 -

2.2000e+01-2.2000e+01

-2.3002e÷01

-2.4000e+01

-3.6037e-01+ 2.4479e+01i

-3.6037e-01- 2.4479e+01i

-i.0870e+01+ 2.4768e+01i

-1.0870e+01- 2.4768e+01i

1.0929e+01+ 2.5099e+01i

1.0929e+01- 2.5099e+01i

-2.9881e+01

-2.0788e+00+ 3.1234e+01i

-2.0788e+00- 3.1234e+01i

-9.1714e-01+ 4.1970e+01i

-9.1714e-01- 4.1970e+01i

-9.1751e-01+ 5.1169e+01i

-9.1751e-01- 5.1169e+01i

2.3002e+01

2.4000e+01

2.4481e+01

2.4481e+01

2.7048e+01

2.7048e+01

2.7375e+01

2.7375e+01

2.9881e+01

3.1303e+01

3.1303e+01

1.0000e+00

1.0000e+00

l. O000e+O0

1.4720e-02

1.4720e-02

4.0187e-01

4.0187e-01

-3.9925e-01

-3.9925e-01

1.0000e+00

6.6409e-02

6.6409e-02

2.1847e-02

2.1847e-02

1.7928e-02

4.1980e÷01

4.1980e+01

i..

5.1177e+01

5.1177e+01 1.7928e-02 -

-7.2960e-01+ 5.6666e+01i 5.6671e+01 1.2874e-02 -

-7.2960e-01- 5.6666e+01i 5.6671e+01 1.2874e-02 -

-9.2873e+00+ 5.6050e+01i 5.6814e+01 1.6347e-01 -

5.6814e+01

5.6967e+01

5.6967e+01

6.1305e+01

6.1305e+01

6.2425e+01

6.2425e+01

6.8401e+01

6.8401e+01

1.6347e-01

-1.5663e-01

-1.5663e-01

5.3637e-02

5.3637e-02

1.2538e-02

1.2538e-02

2.4332e-03

2.4332e-03

•i i •

-9.2873e+00- 5.6050e+01i

8.9230e+00+ 5.6264e+01i

8.9230e+00- 5.6264e+01i

-3.2882e+00+ 6.1217e+01i

-3.2882e+00- 6.1217e+01i

-7.8271e-01+ 6.2420e+01i

-7.8271e-01- 6.2420e+01i

-1.6643e-01+ 6.8400e+01i

-1.6643e-01- 6.8400e+01i
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Table 13. Continued

-1.3435e+02+ 1.3435e+02i 1.9000e+02 7.0710e-01 -

-1.3435e+02- 1.3435e+02i 1.9000e+02 7.0710e-01 -

-1.4142e+02+ 1.4142e+02i 2.0000e+02 7.0710e-01 -

-1.4142e+02- 1.4142e+02i 2.0000e+02 7.0710e-01 -

-1.4849e+02+ 1.4849e+02i 2.1000e+02 7.0710e-01 -

-1.4849e+02- 1.4849e+02i 2.1000e+02 7.0710e-01

-1.5556e+02+ 1.5556e+02i 2.2000e+02 7.0710e-01

-1.5556e+02- 1.5556e+02i 2.2000e+02 7.0710e-01

-1.6263e+02+ 1.6263e+02i 2.3000e+02 7.0710e-01

-1.6263e+02- 1.6263e+02i 2.3000e+02 7.0710e-01 -

-1.6970e+02+ 1.6970e+02i 2.4000e+02 7.0710e-01 -

-1.6970e+02- 1.6970e+02i 2.4000e+02 7.0710e-01 -
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Figure 16. Frequency Response Of Appendix C Model
For 400 in Pitch Rate To Elevator Channel
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Figure 17. Frequency Response Of Appendix C Model
For 1,850 in Pitch Rate To Elevator Channel
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Figure 18. Frequency Response Of Appendix C Model
For 3,460 in Pitch Rate To Elevator Channel
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C. Forward Vane Development

Due to the predicted infeasibility of aft tail only inner loop FCS architectures, alternate

means to elicit the necessary control forces to damp structural vibrations and augment pitch

motions were considered. Based on the demonstrated potential of other similar vehicles, attention

has focused on utilization of small forward vanes as alternate/additional control surfaces. The

current HSCT configuration does not have an ability to generate control loads near the forward

fuselage. Therefore, inclusion of hypothetical forward lifting surfaces, and their effects upon the

existing vehicle math model characteristics, to fulfill such a role has been undertaken. To avoid

burdens associated with high-fidelity modeling techniques utilized by the nonlinear simulation tool

and ISAC, and to allow a relatively quick investigation to probe the benefits and/or deficiencies of

the candidate vane surfaces, a "first cut" modeling procedure is utilized and discussed next.

Figs. 29-30 indicate the vane geometry and its appearance on the HSCT configuration.

The vane planform is a scaled version of the horizontal tail shape. Exposed surface area is gv =

177.5 ft2, which is 2.5% of the wing reference area and 25.26% of the horizontal tail exposed

area. Mean aerodynamic chord and span, based on exposed area, are e v = 12.94 ft and I_v =

15.58 ft, respectively, giving an aspect ratio of A v = 1.367. Leading and trailing edge sweep

angles are ALE v = 54.23 deg and ATE v = -25.55 deg. The quarter chord point, along the mean

aerodynamic chord, is mounted to the fuselage at station 400 in, just aft of the crew station. Other

geometric data is indicated in Fig. 29.

The original Cycle 1/ISAC model from Appendix D in Ref. 13 serves as the backbone, to

which vane effects are added by a first order, component build-up procedure making use of

empirical lifting surface predictions and structural vibration characteristics. Ref. 17 provides the

basic foundation for such a procedure. The vane is taken to be a rigid massless surface, and any

effects on the structural model, in terms of vehicle mass and rotational inertias and modal vibration

characteristics, are neglected. Further, the vane panel is assumed to be very thin with symmetric

upper and lower surface profiles. The vane will be an all flying surface with rotation about the

mean aerodynamic quarter chord point. Only vane lift is accounted for, vane pitch moment
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Figure 29. Vane Geometry
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about the rotation line is taken as zero and drag forces are neglected. Interference effects from the

vane on downstream components are also ignored. The vane normal load is allowed to excite

rigid-body and structural degrees of freedom, but not the unsteady aerodynamic states. New

control derivatives arising from the vane, as well as vane contributions to the existing vehicle

stability derivatives, are considered in the modeling procedure (i.e., modifications to the original

state space A and B matrices in Eq. (2.1) are considered).

The vane modeling procedure is summarized in Fig. 31. Generation of vane angle of attack

(av) originates from several sources: rigid-body plunge rate (W/VT), rigid-body pitch rate

(Xvq/VT), structural pitch (_ilqi), structural plunge rate (_i¢li/VT), and control deflection (_Sv).

The parameters x v, _bi and d_i' denote the body x axis vane location, the i th mode shape, and the i th

mode slope. The local angle of attack results in the vane lift force (LV), which is approximated as

a pure body axis vertical force. The lift force is estimated from a common quasi-static empirical

formula 21 for the vane lift curve slope coefficient, or

L v = Clgv Cv CLV= CLVaav

2_Av (2.1 1)

cVa= [A2132 (1+ tan2 Al/2c) 1/2

2 + --_ _2 + 4]

= (1 - M 2) 1/2 K =

w xvq _i'Ti i _1'1i+_ V
IXV = VT V T V T

In Eq. (2.11), q denotes dynamic pressure, M denotes Mach number, C_a denotes the vane

surface lift curve slope coefficient, and clva denotes the vane section lift curve slope coefficient

(taken as 2x here). Finally, as indicated in Fig. 31, the vane lift force effect is inserted into the

governing rigid and structural equations of motion, in particular the w, q, and Tli kinetic equations.

Analytically, the affected equations of motion are

W = ... + Zww + Zqq + X Zrlil"li + 2_ Z_lil'} i + Z6vSV + ..-
I 1

dl = ... + Mww 4- Mqq 4- i_ M_lil"!i 4- _ Mflil'}i 4- M_V_5 V + ... (2.12)
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_i = "'" + FiwW + Fiqq + _ " " + + FiBj FirljqJ j_- Ficlj_lj v_V + ...

Parameters of interest in Eq. (2.12) are the rigid and aeroelastic stability and control derivatives Zk,

M k, Fik with k = w, q, rlj, ¢lj, 6V. Other terms appear in these equations of motion but are not

explicitly shown. Only stability derivatives explicitly appearing in Eq. (2.12) are modified to

account for effects from the vane (i.e., existing baseline values appearing in Appendix D in Ref. 13

are adjusted leading to the values listed in Appendix C). The vane control derivatives appearing in

Eq. (2.12) are new terms. In addition to these equations, the vane actuator equations, similar to

that shown in Eq. (2.6), are appended to the vehicle math model.

The dimensional derivatives in Eq. (2.12) are defined as

Z w = _ Czw

q_e
Zq = _ CZq

rig
zni = _ Cz.qi

qge
=2--ff9-4Cz i

qg
Z_v = _ CZSv

M w q_---.._c
= iyyVT CMw

qgc 2
Mq = 2I--_T CMq

rite
Mrli = _ CM'q i

qge 2

Mtli= 2IyyVT CM_I i

qge

MSV = _ CM_iv

Fiw ctge= _ Ciw

_ Clge2

Fiq- _ Ciq

q_e
F_nj = _ cinj

q_e 2

= Ci j

= rtge
FifiV _ Ci8 V

(2.13)

In these definitions, m and Iyy denote the vehicle mass and pitch moment of inertia, mi denotes the

structural vibration modal masses, _ denotes the vehicle reference area, and e denotes the

vehicle reference chord. Further, CZk , CMk , Cik with k = w, q, rlj, _lj , _v represent the stability

and control derivatives in coefficient or nondimensional form, or

3Cz 3C M 3C i

Czw = 3(W/VT ) CMw = 3(W/VT ) Ci w = 3(W/VT )

3Cz 3C M 0C i

Czq = 3(Czq/2VT) CMq = 3(eq/2VT ) Ciq = 3(eq/2VT )

3Cz 0C M 3C i

Czqi = -_i CMrl i = -_i Cirlj = _j (2.14)

73



OC Z _CM 0Ci

CZq i = 0 (eT! i/2VT) CM_I i = 3 (CT I i/2VT) Ci,qj = 0 (e_ I j]2V T)

_)C i

_Cz _CM C_v =Cz_v=_v CM_v=-_v

Changes in dynamic pressure with respect to vertical speed variations are deemed small and

neglected in Eq. (2.13) for this flight condition.

Using a component build-up procedure, the vehicle aerodynamic body z axis force (F z)

and pitch moment (M), and the generalized force for each structural mode (Fi), have contributions

from the body (B), wing (W), horizontal tail (H), and vane (V), or

FZ= FzB + FzW+ FzH + FZv

M=M B+M w+M H+M v (2.15)

Fi = FiB + FW + FH + Fv

Dividing through by the vehicle reference area and reference chord in Eq. (2.15) yields

 vovCM= C_q SWeW cw4 gHCH cH+ --=--=-cV (2.16)
S c g e S c

____ _H CI-I SVeVSw_wcw+Tz- c_"+T-¢-Ci= Cp+ _ e C v

where the notation is clear from previous definitions. Finally, the nondimensional derivatives in

component form are

gH en cH k -!SBcBC_k+_w_wC_k+_____CMk=-_--_- S c S c

_B _B Ci_ 4Cik = -_-

_V _V cv ke

gWCWc w+gHcn H gvCv v
g e ik -'_-'-'_- Cik + -'_---_-- Cik

(2.17)

where k = w, q, Tlj, Tlj , _SV. The terms associated with the vane in Eq. (2.17) represent the new

contributions which are added to the baseline values (i.e., the body, wing, and horizontal tail

terms).

Starting with the vane model in Eq. (2.11), the vane aerodynamic coefficients are
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C_ V w xvq ' (Di_]i+ _V)
-- CLoc(_T _TT- _i'l'li VT

Xv v w Xvq • ¢itli + 5v ) (2.18)c_= eTvCL,_(V-TTV--;-*ini VT

cV = e-_ v w xvq • _i_]i + _Sv)
CLa(_ T _TT - _iTli-- "_"T

Taking the appropriate partial derivatives indicated in Eq. (2.14) yields the nondimensional

derivatives

v _cv cv _xvcvo c.v- *i cvCZw = Mw- C-=_- 1w - eV

x_cL cv xv_ct'_CZVq= 2 -'_--xVcVot CVq = - 2 E-_Ve lq = - 2

C V '
Zqi=dPi cVtx cV =-*i XV CLVcc C y =_&' *i

Mrli _ 'rlj 'ej _ cV a

C V _i EL C V = - 2 xV_i cVix C .V = - 2 _i(_j ELZ_li = 2 _ M_ i -_ l_lJ

cv ___cvo cv xv c.v cvoZ8 v M8 v = _ 18v

(2.19)

In summary, after inserting numerical values into Eq. (2.19) for the vane component

nondimensional derivatives, back substitution is utilized with Eqs. (2.17), (2.13), and (2.12) to

fold the vane characteristics into the overall vehicle dynamic stability and control characteristics.

To assess the impact from the control vanes, Fig. 32 lists the percent change in the

modified elements of the state space A matrix. Recall that some matrix elements are not pure

aerodynamic stability derivatives, as one might conclude from Eq. (2.12), but rather are a

combination of stability derivatives, speed terms from Coriolis accelerations, and structural

compliance terms. Note some of the percent change values are extremely large due to a near zero

original value. Fig. 33 lists similar information for the elements of the state space B matrix (which

are all pure aerodynamic control derivatives). Since the vane control derivatives are new terms,

percentage values can not be computed. Thus, elevator terms are shown for comparison.

To understand and "validate" the model adjustments from the vane, consider several of the

terms in Fig. 32, along with the geometry indicated in Fig. 31 and the characteristic deflection
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shapes in Fig. 28. First consider Z w and M w. With a positive perturbation in w, the vane force is

directed up, and the resulting change in Z w is negative (-1%), while that for M w is positive (+2%)

since the vane is forward of the mass center. Next consider the terms U+Zq and Mq where U is

defined in Appendix C. A positive perturbation in q leads to a down vane load. Consequently,

U+Zq experiences a positive change (+1%) and Mq a negative one (-168%, down load at the nose).

Note Mq experiences the largest change among these four terms. This large increase is traced to the

Mq dependence on the square of the lever arm ( x{ in Eq. (2.19) ), while the other terms are only

proportional to x v or 1. As an additional observation, the original relaxed stability mode (from

Tab. 15 in Ref. 13) is located at +0.134 1/s in the complex plane, while the corresponding value

from Tab. 1 in this report is +0.I78 1/s. The destabilizing effect of the vane is thus apparent.

Now consider several stability derivatives associated with rigid-elastic coupling through

aerodynamic means. Assuming a positive perturbation in 113 (structural nose up pitch, see Fig.

28), the vane load will be directed up, leading to a negative change in Z_3 (-6%). On the other

hand, for a positive perturbation in _13 (structural up plunge), the vane load is pointed down

and M_I 3 experiences a negative change (-21%). For a positive perturbation in w, the vane load is

up and this deflects the 3rd mode shape in a positive sense (see Fig. 28), thus F3w undergoes a

positive change (44%). Finally, a positive perturbation in q yields a downward vane load inducing

a negative change in F3q (-143%). This last effect is relatively large since F3q is proportional to

the long moment arm and large modal deflection near the vehicle nose (x v and _3, see Eq. (2.19) ).

As for control derivatives, consider the data in Fig. 33. Positive vane deflection leads to an

up load and negative Z_v and positive M_v since the vane is forward of the mass center. Up load

also deflects the 3 rd mode shape in the positive direction leading to positive F38 v . Data in Fig. 33

indicates vane plunge authority is of the same order of magnitude as that for elevator. Even though

the vane is a much smaller surface relative to the horizontal tail, this observation can be traced to

the vane being an all flying surface, while the elevator is only about 1/3 of the horizontal tail chord.

Pitch authority is also roughly equivalent for the two inputs. Again, even though the vane surface

area is much smaller, the lever arm for the vane is significantly larger when compared to the aft tail.
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Figure 33. Summary Of Control Derivative Modifications
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These results "validate" the math model adjustments made to account for the vane, in the

sense that each term has undergone a numerical change which possesses the correct sign, the

correct magnitude, and can be tied back to the "physics". However, the fidelity of the vane model

is only as good as the underlying theory, which is to first order here. Therefore, the Appendix C

model characteristics will be utilized to explore new inner loop FCS architectures and control

benefits offered by the vanes with these comments in mind.
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Section III

Assessment of Wykes Mode Suppression Logic

A. Review of and Comment on Original Wykes Logic

Upon reflection of the demonstrated achievements of John WykesfNorth American

Rockwell in connection with structural mode suppression logic for the XB-70 vehicle, 14,15 efforts

were put forth in this contract to re-examine these control strategies in the context of HSCT.

Significant mode suppression accomplishments, including flight test validation of control law

performance, were achieved in the XB-70 program. In particular, SMCS architectures, based on

aft control incorporating two sensors, one collocated with the aerodynamic surface input, were

highly successful. In light of these observations, and considering the potential impact on

configuration selection and program decision making (i.e., aft tail only or aft tail supplemented

with forward vanes), it was felt prudent to investigate and apply the Wykes control logic to HSCT.

In Refs. 14-15, aft control consisted of symmetric elevon deflections in the absence of a

conventional tail. It is important to note the XB-70 canard was not utilized in the SMCS

architectures. Other XB-70 features to keep in mind are 1) at low speeds the airframe is statically

stable, 2) the rigid-body/aeroelastic modal frequency separation is approximately 10 rad/s, and 3)

four structural modes exist in the frequency region below 30 rad/s. In comparison, HSCT is a

considerably more modally dense and flexible vehicle (eight modes below 30 rad/s and rigid-elastic

frequency separation of 6.5 rad/s). Further, the HSCT airframe has relaxed stability at low

speeds. In its era, the XB-70 presented a difficult flight dynamics/structural vibration control

problem, however, the HSCT configuration presents a significantly more difficult control

challenge.

The Wykes SAS/SMCS XB-70 control logic, as it would be directly applied to the HSCT

in its original form, is illustrated in Fig. 34. The pitch SAS loop utilizes proportional-integral (PI)

compensation in the feedback path with the forward path block consisting of static compensation.
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This loop is closedon the forward sensorsignal (1,850in). The SMCSloop incorporatespure

gainin afeedbackblockwhich is excitedby aforwardsensor/tailsensordifferencesignal. Thetail

sensoris collocatedwith thecontrolinput andwouldcorrespondto theelevatorhingeline (3,460

in) in theHSCTapplication.With theforward andtail rategyrosignalsexpressedas

r

q1850 = q- ._ ¢i(1850) rli
I

q3460 = q - ._ ¢i(3460) 11i
1

the differenced SMCS feedback signal qd is

(3.1)

i v

qd = ._ {*i(3460) - _i (1850) } q i (3.2)
1

In essence, this feedback signal is devoid of rigid-body content and represents the difference

between the structural pitch rates at the tail and forward sensor locations.

+

SAS Loop

SMCS Loop

q3460

q1850

Figure 34. Original Wykes SMCS Architecture

To demonstrate why the Wykes SMCS logic is effective, to determine the conditions under

which the logic can be expected to succeed, and to identify when the logic may fail, consider the

polynomial matrix representation of the vehicle dynamics in Eq. (3.3), assuming two aeroelastic

modes are present, the forward speed degree of freedom is negligible, and there are no actuator

dynamics.
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- M w

- Flw

- (U + Zq)s

s 2 - Mqs

- F 1qS

- F2qS

- 7__;ilS - 2111 - Z_2S- Zrl2

- M/llS - Mrl ] - M/12s - Mrl 2

s2+(2_l_l-F1/i 1)S+(Oa2-F1T11) - Fla s- Flr I
'12 2

- F2_IlS - F2rll s2+(2;2c°2-F2_I2)S+(C°_-F2_ 2)

w(s)

q(s)

11](s)

1-12(s)

r

Z_ E

= _ 5E(S)

FO.

.o E

P(s)
I I (3.3)

Q(s)

The qd/f)E transfer function can be derived from Eq. (3.3) using linear algebra concepts, or

qd(s ) nqd(s) {_1(3460) - _1(1850) }nil l(S) + {_(3460) - _(1850)}n/12(s)

_E(S) d(s) d(s)
(3.4)

d(s) = det P(s) n_i(s) = s det Pi+2(s)lQ(s)

In Eq. (3.4), Pi+2(s)lQ(s) denotes the matrix P(s) with the i+2 column replaced with Q(s). This

transfer function represents the set of dynamics around which the SMCS logic is closed.

In the special case with no aerodynamic coupling (Fiw = Fiq = 0, 7__i = 7_,/1i = 0, MTI i =

M_I i = 0, Firlj = Fi_lj - 0 forj _ i), numerator and denominator polynomials are listed in Eq. (3.5).

d(s) = s {s2+ (- Z w - Mq)s + Z w Mq - Mw(U + Zq) }

x {s2+(2_ lo)I_F1 _ 1)s+(co2_Flrl 1)} {s2+(2_2o,x2-F2/12)s+(o_-F2rl 2) } (3.5)

n_l l(S ) = F 18ES2{ s2+ (- Z w - Mq)s + Z w Mq - M w(U + Zq)}{ s2+(2_20_-F2_2)s+(o_-F2r 12) }

nfi2(s ) = F2fiES2{S2+ (- Z w - Mq)s + Z w Mq - M w(U + Zq)}{ s2+(2_ I¢Ol-Flf i 1)s+(COl2-F1T11) }

In this case, the qd/SE transfer function describes pure aerodynamically damped/stiffened

vibrational motion, or
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qd(s___))= s{s2+ (- Z w - Mq)s + Z w Mq - Mw(U + Zq)}

_E(S) {S2+ (- Z w - Mq)s + Z w Mq - Mw(U + Zq)} (3.6)

[{01(3460)-¢I(1850)}F _E{s2+(2_ o_-F2h )s+(o_-F2_ )}1 2 2 2

+ {_(3460) - _(1850) }F2_E{ s 2+(2_ lo_I-F lh 1)s+(_2-F1 rl 1) }]
X

{S2+(2_ l_l-Fl_ I1)s+(_2-F1 rl 1) } {s2+(2_20)2-F2_2)s+(o_-F2r12 ) }

With the short period poles exactly canceled by an identical factor in the numerator, the transfer

function consists of two complex conjugate zeros and one zero at the origin, divided by the 1st and

2ad aeroelastic modes.

The sensor location and generalized force characteristics inherent to the Wykes SMCS

feedback signal qd in Eq. (3.2) strongly influences the location of the complex conjugate zeros in

Eq. (3.6). Root locus concepts can be utilized to assess and understand this relationship. From

Eq. (3.6), the complex conjugate zeros are governed by the equation

• " 2

{t_1(3460) - d_l(1850) }FI_E {s +(2_2002-F2_12)s+(a_-F2_2) }

1 + {O2(3460)-_(1850)}F28E{SE+(2_l°_vFlhl)s+(c°2-Fl_l )} =0 (3.7)

With Eq. (3.7), these zeros can be thought of as originating from the 1st aeroelastic mode root

locations and transitioning towards the 2ad aeroelastic mode root locations as the parameter

{d_1'(3460)-_1'(1850) }FI_E/{ _2'(3460)-_2' (1850) }F28 E is increased. An illustration of this root

migration is given in Fig. 35. If the 1st and 2ad aeroelastic modes are lightly damped, and the

varying parameter is positive, utilization of basic root locus sketching rules indicate a departure

angle (for the +jo_ root) of approximately +90 deg. The migration paths are nearly vertical straight

paths.

With these results, the effectiveness of the Wykes SMCS logic becomes clear. Consider

closing the SMCS loop indicated in Fig. 34 around the qdhSE transfer in Eq. (3.6). Augmentation

of the structural modes is shown in Fig. 36. Damping of both aeroelastic modes is increased as the

1st mode roots migrate towards the zero at the origin, and the 2ad mode roots migrate towards the
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complexconjugatezeros. Theeffectivenessof this loop is due to the interlaced pole-zero pattern

along the imaginary axis, which leads to +180 deg departure angles from the open-loop root

locations. This basic effect was discovered and exploited over 30 years ago.

x - Origin Point

o - Terminal Point q[
* - Root Location

S2+(2_ 2(t_2-F2_l 2)s+(o_-F2.q 2)

s2+(2_ lOll-F1 h 1)s+(o_2-F1 _ 1)

s2+(-Zw-Mq)s+ZwMq-Mw(U+Zq)

°o**lmtl,,°°°°oo°,°°,°,w**°.°,,,°l,°,°°°°°°.°_° ...... **a,.°, ........

s

Figure 35. Airframe nqd(s) Root Migration Paths

Without Aerodynamic Coupling - Eq. (3.7)

The key to the pole-zero interlacing pattern in Fig. 36 is the collocated sensor-surface pair

and associated likelihood the parameter {_1'(3460)-_ 1'(1850)} F18E/{ d_2'(3460)-d_2'(1850) }F28 E

will be of positive sign. It is also important to note the numerator structure in Eq. (3.6) results

from signal differencing as shown in Fig. 34. Referring back to the structure in Eqs. (2.13)-

(2.19) for aeroelastic control derivatives, FIISE and F2_ E are given by

_lgI_1(3460)C_E

F15 E = ml

qSI-I_(a460)C_SE

F25E = m2

(3.8)
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x - Origin Point
o - TerminalPoint
* - RootLocation

S2+(2_2¢x_2-F2/12)s+(o_-F2rl 2)

_: Zeros From Fig. 35

s2+(2 iml_Fl 1)s+(m -Fln )
1

liei ----'--- s2+(-Zw-Mq)s+ZwMq-Mw(U+Zq)

Figure 36. Closed - Loop d(s) + knqd(s ) Root Migration Paths

Without Aerodynamic Coupling - Fig. 34

Eq. (3.7) thus becomes

• " _1 (3460)" { S2+(2_2t.O2-F2_ 12)S+( -F2r 12){t_1(3460) - _1(1850) } a_ }
ml1+

t1_2(3460)
{_(3460) - _(1850)}

m-2 {s2+(2_ I¢Ol-FI_I 1)s+(COl2-FI rl 1) }

- 0 (3.9)

Assuming the mode slopes at 1,850 in are small, the parameter is composed of the paired products

t_i_i at the same fuselage station. At forward and aft regions along the vehicle centerline, the

modal slope and deflection values are of the same sign leading to a positive parameter value. At

other locations this may not be the case, but is of little hindrance since SMCS surfaces will be

located forward or aft to maximize control leverage on the modes. Recalling the HSCT modal

deflection data in Fig. 28, _i (3460) and ¢i(3460) are of the same sign for the eight modes

displayed. This slope-deflection parameter mismatch issue can be avoided if acceleration-based

feedback signals are utilized (i.e., _it_i). In this case, however, rigid-body content in the feedback

signal can not be fully eliminated by the differencing scheme in Fig. 34.
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If themodeslopevaluesin Eq. (3.9)at 3,460in dominatethe valuesat 1,850in, theroot

locusparameterwill bepositive. Onepath to thisresult is to locatethe secondfeedbacksensor

near the mid fuselagestationswhere slopesare minimal, suchas at the anti-nodeof the 1st

aeroelastic mode (1,850 in). However, for a vehicle with many significant modes, this sensor will

pick-up the structural rotations of the higher frequency modes. The consequences are the pole-zero

interlaced pattern along the imaginary axis will be perturbed, destroying the effectiveness of the

Wykes SMCS logic in augmenting aeroelastic mode dampings. In this case, aeroelastic mode

zeros can be out of sequence along the imaginary axis, they can be significantly offset from the

vertical structure, and they can even present nonminimum phase characteristics. Based on these

observations, one conclusion drawn is the Wykes SMCS logic, as implemented in Fig. 34, may

not be effective in augmenting all aeroelastic modes, and in fact may destabilize some of the

modes, When applied to a vehicle characterized as modally dense.

As a footnote, one means to avoid the parameter structure {¢i'(tail)-Oi'(fore)} _i(tail) in Eq.

(3.9) is simply to implement a SMCS loop without differencing two signals. In other words, use a

collocated sensor and surface, dropping the second sensor. This strategy has been utilized in the

control architectures presented in Section IV, and is very effective. The feedback signal will

inherently have rigid-body content and can be used to an advantage in some cases, such as

simultaneous stabilization of rigid-body pitch instabilities, for example.

The above development has all been under the assumption of no aerodynamic coupling.

Strong aerodynamic coupling effects are another mechanism which can dilute the attractiveness of

the Wykes SMCS logic. To demonstrate these effects, return to the vehicle model in Eq. (3.3).

For ease of demonstration, consider a case with, not full, but limited aerodynamic coupling where

Flq is the main, but not only, parameter of interest. Assuming aeroelastic-to-rigid coupling is

present (Zqi, Zhi, Mrli, M-/li ¢ 0), partial rigid to elastic coupling is present (Fiw = F2q = 0, Flq

0), and no elastic to elastic coupling (Firlj = Fi_lj = 0 for j _ i), the numerator and denominator

polynomials in Eq. (3.4) are
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d(s)= s{s2+ (- Z w - Mq)s + Z w Mq - Mw(U + Zq)} (3.10)

× {s2+(2_ 1_I-F1 _11)s+(C02-Fll] 1) } {sE+(2_2¢x_2-F2_l )s+(a_-F2rl2) }

- FlqS{M_ll(S_ Zw)(S + M'ql) + Zrll 2 2
Mfl-----_ + MwT___l(S _1-1)}{ s +(2;2r-°2-F2h2)s+(o_-F2r12)}

n_ l(S) = FlsES2{S2+ (- Z w - Mq)s + Z w Mq - Mw(U + Zq)} {s2+(2_aCO2-F2_2)s+(o__F2r12) }

+ FlqS2[{MSE(S - Zw) + MwZSE} {s2+(2_2ra_2-F2f12)s+(o_-F2r12) }

- F28E{M_12(s - Zw)(S + _--_.q2) + MwZ_2(s + zZ_._2)}]
_2 _2

nn2(s) = F215ES2{s2+ (- Z w - Mq)s + Z w Mq - Mw(U + Zq)} {s2+(2_lOl-Flfi 1)s+(cOl2_F1TI1) }

M_

) Mw7___ _1)}]_ FlqS2[F28E{M;ll(S_ Zw)( s + 1 +
M'/I1 l(S+ 111

In this quasi-general case, the dynamics are considerably more complicated.

Root locus concepts can again be utilized to assess and understand aerodynamic coupling

effects on the transfer function factors. For example, to investigate the effect of aerodynamic

coupling upon the vehicle poles, consider d(s) in Eq. (3.10). Fundamentally, the question here is

"How does the 2rid term containing Flq affect the roots of the 1st term ?" A subset of the roots of

the second term alone are given by

(s Z.q 1

zfi + zfi-- )

1 + M w Mfi 1 (s - Zw)(S " Mrl 1 = 0 (3.11)

+ Mfi---_)

and Fig. 37 shows an example migration with variations in M w. With F 1 as the main
q

aerodynamic coupling parameter of interest, a subset of the vehicle poles are thus governed by
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x - Origin Point
o - TerminalPoint
* - RootLocation

_./°|,),)g,**

/ /
s-Zw MII 1

S+M,/11

W
_,..looo,o,,o

\
Z.q 1

s+Z q1

Figure 37. Intermediate Root Migration Paths

With Aerodynamic Coupling - Eq. (3.11)

M/II(S _ Zw)( s Mrll) Zrll+ +Mw , s
1 - Flq {s2+ (- Zw _ Mq)s + Z w Mq - M w(U + Zq)} {s2+ (2_ l Ol - F l_ll)s + (0) 2- Fllll

=0 (3.12)
)}

and Fig. 38 shows an example migration with variations in Flq. Observations from Fig. 38 and

Eqs. (3.11)-(3.12) are the short period poles lose damping due to the presence of coupling,

specifically along the path q ---) Flq ---) 1"11_ Mql ---) q (FlqM_ll), and for the same reason the 1st

aeroelastic poles gain damping. Of more importance here is the effect on the interlaced pole-zero

pattern. The root locations displayed in Fig. 38 will become new originating points for the root

migration paths displayed in Fig. 36. Near imaginary axis migration contours can be highly

sensitive to the originating points, and may be altered in an unfavorable manner. These alterations

may significantly influence how individual modes are augmented.

This type of analysis can be conducted for the numerators as well. Observe the second

term involving Flq appearing in n_12(s) in Eq. (3.10). This term has identical factors as those

found in the expression for d(s). Therefore, Eq. (3.11) and Fig. 37 are also applicable for
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determiningtheintermediaterootsof this2ndtermasMw is adjusted.Whenthe 1stand2nd terms

of nrl2(s) arecombined,Eq. (3.12)alsobecomesapplicablefor assessinghow therootsof ncl2(s)

areaffectedby the aerodynamiccouplingterm Flq. These effects are shown in Fig. 39. Finally,

the root locations displayed in Fig. 39 will become new originating points for the root migration

paths displayed in Fig. 35. Undesirable impacts upon the interlaced pole-zero pattern are again

possible. This example has concentrated on a single aerodynamic coupling term Flq. Many other

coupling terms are present in the full vehicle dynamic model. These aerodynamic coupling terms,

and the physical mechanisms they represent, provide abundant means to alter and distort the

interlaced pole-zero pattern of the simplified case. When the SMCS loop is closed on such a

transfer function, there may be several aeroelastic modes which are destabilized. Therefore, a

second conclusion drawn is the Wykes SMCS logic illustrated in Fig. 34 may not be effective

when applied to a vehicle exhibiting strong aerodynamic coupling effects.

Zeros From Fig. 37

s 2+( 2_ 2C02-F2_2)s +(00_-F2_ 2)

S2+(2_ 1C01_F1_11)s+(__l ) _----....
s2+(-Zw-Mq)s+ZwMq-Mw(l-l+Zq) _ _

i

"O''°'IO'',OOJO,°O,O°O.O°O°.OO,O,I_OO°.,OOOI.O,,O°I,OO°QO000,°O00O,, "

tK

x - Origin Point
o - Terminal Point

* - Root Location

Figure 38. Airframe d(s) Root Migration Paths

With Aerodynamic Coupling - Eq. (3.12)
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S2+(2_10!-F1_1)s+(Co2-F1rl1)

ZerosFrom Fig. 37

s2+(-Zw-Mq)s+ZwMq-Mw_+Zq) _

.... ooo,oo,,o,oo,oooooo, ....... ************************** ..........

•
s __

-------- _

x - Origin Point
o - Terminal Point

* - Root Location

Figure 39. Airframe n_2(s) Root Migration Paths

With Aerodynamic Coupling -Eq. (3.12)

Other sources of potential breakdown in the Wykes aeroelastic damping behavior of Fig.

36, which are absent from the example dynamics in Eq. (3.3), include actuator dynamics and

unsteady aerodynamics. These dynamics appear as additional poles and zeros along the real axis in

Fig. 36. Although no direct impact occurs on the imaginary axis interlacing pattern, these

additional modes can profoundly influence the departure angles near this axis. If the actuation

hardware is of poor quality, or the transient airflow behavior is significant, feedback destabilization

effects can result from these sources.
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B. Wykes Logic Recast in Multi-Sensor/Single-Surface Framework

Ref. 13 examined in detail the feasibility of an aft tail only inner loop FCS architecture for

HSCT. Results strongly indicated this architecture lacked ability to meet requirements associated

with simultaneous augmentation of pitch motions and suppression of aeroelastic vibrations.

Further, this architecture did not provide sufficient control of crew station motions. Fig. 40

indicates the MS/SS architectures' that were considered in Ref. 13. In these studies, the forward

path compensator block consisted of PI logic acting on a blended pitch rate signal. This PI

compensation exudes an effective means for stabilizing the relaxed stability mode and providing a

conventional, well-damped pitch mode. In addition, this compensation leads to a pitch rate

command response type system. The feedback blocks serve as blending filters to exploit the

desirable characteristics of the low frequency forward sensor signal (1,850 in) and the higher

frequency characteristics of the aft sensor signal (2,500 in, fore and aft refer to location relative to

the mass center at 2,152 in). Therefore, low-pass/band-pass and lag-lead/lead-lag filters were

considered for these blocks, as indicated in Fig. 40. The forward and aft sensor locations were

judiciously chosen to eliminate, or minimize, certain undesirable aeroelastic contamination effects

in the feedback signal. Closed-loop results for these systems can be found in Ref. 13.

The Wykes SAS/SMCS XB-70 control logic, in the original form as displayed in Fig. 34,

can be reformulated in terms of an equivalent MS/SS architecture, similar to that of Fig. 40. Block

diagram manipulations can be used to convert the system in Fig. 34 to the MS/SS structure in Fig.

40. Here, algebraic manipulation of the feedback law will be utilized to generate the same result.

In reference to Fig. 34, denote the feedforward, SAS, and SMCS compensation blocks as

KFF(S) = kFF , kFF > 0

(s + ZSAS)
KSAS(S) = k SAS s k SAS < 0

KSMCS(S) = k SMCS k SMCS > 0

The control law used to drive elevator deflection is
p

5E(S) = KFF(S) {qc (s) - KSAS(S)q 1850(s) - KSMCS(S)[q 1850(s) - q3460(s)] }

(3.13)

(3.14)
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MS/SSArchitectureWith Low Pass& BandPassBlending

q2500

qc +

q1850

SAS & SMCS

 oop

MS/SS Architecture With Lag-Lead & Lead-Lag Blending

qc
+

SAS & SMCS /

Loop +

q2500

q1850

qb +

Figure 40. MS/SS Architectures Previously Analyzed

Factoring out the PI compensation term KSAS(S) for the forward path yields

_E(S ) = KFF(S)KsAs(s){ 1 s q'c(s)KSAS( )

_qi850(s) Y ! , ,KsMcS(s)[q1850(s )-q3460(s)]}
KSAS (s)

(3.15)

Eq. (3.15) has a direct one to one correlation with the MS/SS architecture. Let qc be the new

command signal, K(s) the forward path compensator, and Hi(s) and H2(s) the blending filters, or

92



q¢(s) = 1 q'c(S)
KSAS(S)

K(s) = KFF(S)KsAs(s ) = kFFksA S (S + ZSAS)" = k
S

(S + Z)

S

(s + ZSAS/{ 14 kSMCS })
kSAS

(3.16)

H 1(s) = 1 + 1 k SMCS) =
KSAS(S ) KSMCS(S) = (14 h 1 (s + Zl)

ksA s (s + ZSAS) (S + Pl)

H2(s ) _ 1 ksMcS s = h2 s
KSAS(S) KSMCS(S) - kSA S (s + ZSAS) (S + P2---'--"_

where Pl = P2 = z. The final architecture is indicated in Fig. 41 where explicit actuator dynamics

A(s) are re-introduced.

q3460

qc +
K(s) A(s) G(s)

q1850

Hffs)

H2(s)

Figure 41. Wykes SMCS Logic Recast In MS/SS Framework

This control logic is efficiently parameterized by three variables: the PI zero location (which

also corresponds to the blending filter poles) zSA s = z = Pl = P2, the forward path gain kFFkSA S =

k, and the key ratio between the strengths of the SMCS and SAS loops kSMcs/ksA S. For

specified values of z and k, a family of blending functions is parameterized over the range -1 _<

kSMcs/ksA S _<0. Fig. 42 illustrates this parameterizafion. For kSMcs/ksAs = 0, Hl(S ) becomes

all pass, H2(s ) becomes no pass and only SAS functions are extracted from the control

architecture. With kSMcs/ksAs = -1, Hl(S ) is low pass, H2(s ) is high pass and both SAS and

SMCS functions of equal strength are implemented. At intermediate values of kSMcs/ksAs, the

SAS function is not fully attenuated at high frequency (lag-lead) and the SMCS function operates at

reduced levels of strength or intensity (high pass with dc levels below 0 db).
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Figure 42. Parameterization Of The Blending Family

The Wykes-SMCS logic thus equates to lag-lead and high pass blending of the two

feedback signals when formulated in the MS/SS architecture. This type of blending strategy was

not discussed in Ref. 13. Further, utilization of the tail sensor signal was not reported on in Ref.

13. The reasoning for this will become clear in Section HI-C. Attention will now be focused on

applying this reformulated Wykes SMCS logic to the HSCT vehicle.
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C. Wykes Logic Applied to HSCT

In this subsection, the reformulated Wykes controller is applied to the HSCT vehicle.

Therefore, reconsider the MS/SS architecture depicted in Fig. 41, and the dynamic blocks given by

Eq. (3.16). The methodology behind the reformulated Wykes SAS/SMCS control law is to blend

the beneficial characteristics of the forward and tail sensor signals, and avoid any undesirable

features that may be inherent within these signals, specifically utilizing lag-lead and high pass

filtering. With the filter structures specified a priori, the only remaining task is to determine

acceptable values for the break points and gains in K(s), Hi(s), and H2(s ). However, to better

understand the inherent characteristics within the forward and tail feedback signals which are to be

blended, initial consideration will focus on each feedback signal separately.

By taking h I = 1, z 1 = Pl, and h 2 = 0 in Eq. (3.16), the MS/SS system becomes a SS/SS

system with q1850 as the feedback signal. The Evans plot for such a system is shown in Fig. 43

with z = 2 1/s. Observe how the unstable real axis pole is driven into 1/x01, which resides slightly

in the left-half plane, and how the mid period mode moves out to become the dominant pitch mode

with potential for high levels of damping. By utilizing the sensor at the anti-node of mode 1, the

1st aeroelastic poles are accompanied with nearby zeros, effectively canceling this mode in the

signal as it travels around the loop, regardless of the loop gain. At the higher frequency aeroelastic

modes, the 1,850 in location is not conducive to a good feedback signal. Note the 1,850 in rate

gyro leads to "out of phase" pick-up of the 2ad, 3rd, and 6lh modes. As the loop gain is increased,

these modes lose damping and foretell hard instabilities. These characteristics noted in Fig. 43

correlate with the mode slopes in Fig. 28.

The closed-loop poles in Fig. 43 are highlighted for a compensator gain value of k = -4.52

rad/rad/s. Fig. 44 shows the corresponding Bode plot for this gain. The real axis instability is just

stabilized, as indicated by the dc gain of 0 db in Fig. 44 and the closed-loop pole at the origin in

Fig. 43. The rigid-body gain crossover point (see Fig. 44) is not sufficient to meet pitch damping,

frequency, and phase margin requirements. Also note from the Bode the aeroelastic peak

occurring at 20 tad/s, which corresponds to mode 6. This peak just touches the 0 db level with a
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correspondingphasevaluenear-180deg. At this loop gainvalue,the6t.hmodehasviolatedthe 8

db/60degstability marginrequirements,andis on thevergeof instability (seemode6 on thejco

axis in Fig. 43). Theunacceptabletradesnotedherebetweenlow frequencyflying qualitiesand

aeroelasticstabilitymarginswerealsoobservedin Ref. 13.
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Figure 43. Evans Plot For 1,850 in Pitch Rate To Elevator
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Now consideronly thetail signalq3460by taking h2= 1,P2= 0, andh1= 0 in Eq. (3.16).

TheEvansplot for thissignal,againwith z = 2 l/s, is shownin Fig. 45. Dueto thecollocatedrate

gyroandsurface,eachaeroelasticmodeup to mode9 is now accompaniedby anassociatedpair of

zerosforming anapproximateinterlacedpattern. Thesemodesarestabilizedandtheir dampings

arefavorablyaugmented,or areunaffected,astheloop gain is increased.Notethe 1st aeroelastic

dipole structure has opened up considerably allowing the potential for increased damping.

However, due to aerodynamic coupling, modes 10-11 are destabilized (examination of the modal

data indicates t_it_i' are of the same sign for modes 10-11). At lower frequencies, the unstable real

axis pole again moves into libel, and the mid period mode moves out to become the dominant

pitch mode. However, with the tail sensor, the mid period mode does not wrap around the

compensator zero (-2 l/s in Fig. 45) towards the real axis, but moves instead towards a pair of

complex conjugate zeros located near the imaginary axis. Note the limited amount of damping that

can be added to the mid period mode due to the loci initially moving out radially from the origin.

The closed-loop poles in Fig. 45 are highlighted for a value of compensator gain k = -4.27

rad/rad/s. Fig. 46 shows the corresponding Bode plot for this gain. The real axis instability is

again just stabilized (dc gain of 0 db in Fig. 46 and closed-loop pole at the origin in Fig. 45).

Rigid-body gain crossover must be increased to meet pitch damping, frequency, and phase margin

requirements. From the Bode, the 1st aeroelastic peak occurring at 7.7 rad/s is well above the 0 db

level, but an ample phase buffer from -180 deg is present at this frequency. Here, modes 1-9 are

phase stable (i.e., the loop transfer pierces the unit circle, but away from -180 deg). This feature

corresponds to the -180 deg departure angles seen in the Evans plot. In contrast, with k = -4.27

rad/rad/s, the 10Lh and 11 th aeroelastic modes are just destabilized. The peaks just touch the 0 db

level with a corresponding phase value near - 180 deg.
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Tradeoff relationships between forward and tail sensor utilization are quite clear. With the

forward sensor, desirable low frequency characteristics below 5 rad/s include relaxed stability

stabilization and pitch damping augmentation, while above this frequency undesirable aeroelastic

control effects result (mode 1 is invariant and modes 2, 3 and 6 are destabilized). An opposite

trend occurs with the tail sensor. Below 5 rad/s, limited pitch damping augmentation is present,

while above this frequency aeroelastic modes are augmented with higher damping and are phase

stabilized, until 45 rad/s is reached (modes 10-11). Therefore, in the HSCT application, below 5

rad/s the 1,850 in sensor signal will be weighted higher, and above 5 rad/s the 3,460 in sensor

signal will be weighted more heavily.

First consider the case where the level of SMCS strength is 25% of that for SAS

(ksMcs/ksA s = -0.25, z = 2 l/s). Fig. 47 shows the blending logic as a function of frequency

where Hl(S ) and H2(s ) are

Hi(s) = 0.75 (s+2.67)
(s+2) H2(s) = 0.25 s(s+2) (3.17)

The Wykes control logic, in terms of the Evans behavior, is shown in Fig. 48. Results are

consistent with the control design strategy, but several undesirable characteristics are noted. For

frequencies below 5 rad/s, the closed-loop dynamics correlate with the forward SS/SS features in

Fig. 43. A conventional, well damped rigid pitch mode is present. However, with a SMCS-to-

SAS ratio of only 1-to-4, augmentation of the aeroelastic modes appears similar to Fig. 43 and is

unlike that in Fig. 45. Aeroelastic modes 2 and 11 show hard instabilities. The only exception

here is mode 1 which shows high potential for increased damping. Unfortunately, this high

damping can not be realized because the blending strategy has pushed the mode 1 zeros into the

right-half plane, reducing the usable loop gain. To show this, consider the Bode response in Fig.

49 for a gain of k = -4.52 rad/rad/s, which just stabilizes the relaxed stability mode. Nonminimum

phase zeros result in a 180 deg phase loss when contrasted with Fig. 46, where the phase "hangs

on" until a higher frequency value. To avoid compromise of aeroelastic stability margins, loop

gain must remain low.
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To remedy this situation, consider a case where the level of SMCS strength is 75% of that

for SAS (ksMcs/ksAs = -0.75, z = 2

(s+8)
Hl(S ) = 0.25 (s+2)

l/s). The blending filters Hi(s) and H2(s) are

HE(S ) = 0.75 _-)'sS2)
(3.18)

and Fig. 50 illustrates the frequency responses. The Evans behavior is shown in Fig. 51. Results

are again consistent with what is asked of the control design strategy, but several troublesome

features appear. Above 5 rad/s, the closed-loop dynamics correlate with the tail SS/SS features in

Fig. 45. Modes 1-9 are either augmented with higher damping, or are unaffected. A significant

difference from Fig. 45, however, is the nonminimum phase characteristics associated with some

of the modes, again introduced by the blending logic. Recall that aerodynamic coupling influences

the instabilities associated with modes 10-11 and is inherent in the 3,460 in feedback signal. Now,

with a SMCS-to-SAS ratio of 3-to-4, augmentation of the pitch mode appears similar to Fig. 45

and is unlike that in Fig. 43. The pitch mode migrates towards a pair of complex conjugate zeros

located near the imaginary axis. This migration path limits the amount of pitch damping that can be

achieved. The Bode response for a gain k = -4.52 rad/rad/s is given in Fig. 52. Nonminimum

phaseness again prevents higher loop gain values.
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The above results for the lag-lead/high pass blending strategy are flawed due to the

observed nonminimum phase behavior and is discussed next. The numerator dynamics of the

qbRiE transfer function in Fig. 41 consist of the addition of two terms originating from the two

feedback signals. The relative strength of the two channels determines the f'mal zeros according to

the root locus

h 2 s nq3460(s) = 0 (3.19)
1 + h'-]- (S+Zl-S nq1850(s)

where nq1850(s ) and nq3460(s ) denote vehicle numerator polynomials and h2/h 1 plays the role of a

pararneterization variable. Blending filters introduce the factor s/(s+zl). For h2/h 1 = 0, Eq. (3.19)

indicates the qb/_3E zeros are coincident with the q1850/_ E zeros and s = -z 1. For a large value of

h2/h 1, the qbh5 E zeros tend towards the q3460/_E zeros and s = 0. At intermediate values for h2/hl,

the zeros migrate according to the conventional ru]es. Fig. 53 shows this numerator root locus for

the kSMcs/ksAs = -0.75 design in Fig. 51, as an example. The behavior for kSMcs/ksA s = -0.25

is similar. In transitioning from the root locations of nq 1850 (s) to those of nq3460(s), the mode 1

zeros depart into the right-half plane leading to the nonminimum phase behavior.
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Considerthe angleof departurerelationshipasappliedto mode 1in Eq. (3.19)andFig.

53. Let 01representthephaseangleof factors+Z1containedwithin nq1850(s)whereZ1represents

theaeroelasticmode1zerowith imaginarypartgreaterthanzero. FromTab.6, Z1= -0.53+j7.9

1/s. For atestpoint very nearZ1,thisrelationshipis

01= L(s) - L(s+8) + L(nq3460) - Z(nq 1850) - (2i+l)rc (3.20)

In Eq. (3.20), n'q1850(s) denotes nq1850(s) with the factor s+Z 1 removed and i represents an

integer. With s = Z 1, the s/(s+8) factor results in an additional contribution of 47 deg of phase to

the departure angle from zero Z 1. Without this contribution, the initial migration would point

down towards the origin, avoiding the fight-half plane and nonrninimum phase behavior.

The mode 1 nonminimum phase characteristic is due to the width of the high pass filter

differentiator and final break frequency of the lag-lead filter. Insertion of the zero at the origin

"pushes' the mode 1 loci out into the right-half plane. The lag-lead/high pass blending strategy is

fundamentally flawed. Ref. 13 indicated low pass/band pass strategies exhibited similar tendencies

and showed how lag-lead/lead-lag filtering provided a more gradual transition of the rate gyro

signals. Utilization of lag-lead and lead-lag blending with the forward and tail sensors is not

considered here.

Based on the above investigations, the contractor feels the aft tail only Wykes SMCS

architecture is not feasible for the highly elastic HSCT airframe. This conclusion is based on two

main observations: 1) aerodynamic coupling terms are of such strength that fundamental

assumptions associated with the original Wykes paradigm are not valid for this airframe, and 2)

lag-lead/high pass blending results in an excessively abrupt transition from forward to tail sensors

and manifests itself in the form of nonminimum phase characteristics. A highly elastic and

unstable airframe configuration with aft tail control only places unrealistic constraints on the flight

controls discipline, and program planning should be modified accordingly.
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Section IV

Conventional Multi-Sensor/Multi-Surface Design Strategy

A. Summary of Design Strategy

The objectives of the inner loop FCS are to 1) artificial supply the stability inherently

lacking in the airframe, 2) augment the key pilot/passenger centered responses in accordance with

relevant flying quality metrics, and 3) suppress aeroelastic motions in the responses. The

feasibility of achieving these goals with SS/SS and MS/SS architectures have been thoroughly

explored in Ref. 13 and Section 111 of this report. The main conclusion from these investigations

is architectures based on a single loop incorporating aft tail control and utilizing one sensor, or

possibly several blended sensors, does not provide sufficient design freedom to satisfy closed-loop

requirements. Trades between pitch augmentation/low frequency flying qualities and aeroelastic

augmentation/high frequency stability margins are unacceptable. Further, aft tail control lacks

sufficient capacity to tailor motions at the crew station. For a highly flexible HSCT vehicle, the

inner loop FCS will, in all likelihood, require multiple, integrated feedback loops.

With this background, consider the MS/MS feedback architecture shown in Fig. 54. In

Fig. 54, yl(s) and y2(s) denote two rate gyro feedback signals, perhaps representing near cockpit

(Yl) and near mass center (Y2) pitch rate responses. The command input u2c(s) represents aft tail

control (elevator command, 5Ec) previously used in the design studies of Ref. 13 and Section III of

this report. The additional, new input available for control is Ulc(S) and will correspond to the

forward' vane commands (_Vc) described in Section II-C. Note the second input allows an

additional feedback loop, as well as a crossfeed. Only one crossfeed is considered here. These

additional design freedoms are exploited as discussed next. Also in Fig. 54, Pi(s) and Kij(s)

denote pref'dter and compensation transfer functions, and Ai(s ) represents actuator dynamics. The

signal y3(s) represents additional responses of interest not directly controlled, such as normal
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accelerationor pitchrateat locationsotherthanthecockpit or mass center (or possibly acceleration

at the cockpit and mass center).

Control design efforts consist of four steps: 1) closure of the Yl/Ulc loop, 2) insertion of

the u2c-tO-Ulc crossfeed, 3) closure of the Y2/U2c loop, and 4) insertion of the Y2c command

shaping filter. The Yl/Ulc loop plays the role of a SMCS loop and hence is dedicated to aeroelasfic

suppression. The Y2/U2c loop fulfills the role of a SAS loop and is primarily responsible for pitch

augmentation. The u2c-to-Ulc crossfeed provides coordinated operation between the two feedback

loops. Finally, the Y2c prefilter provides selected frequency screening of the command signal to

improve response characteristics. Conventional frequency domain concepts are used in a

sequential process3,22,23 to construct these loops.

From Fig. 54, the vehicle model is

Y2 =|G21A1G22A2]]u2 e[ (4.1)
Y3 [G31A 1G32A2][ J

Using the structure indicated in Fig. 54, consider closing the Yl/Ulc loop first. The control law is

u lc = K1 l(Ylc - Yl) (4.2)

and the resulting intermediate system is

K11Gll A 1 G12A2
= Ylc + u2c (4.3)Yl l+KllGI1A1 I+KIIGllAI

K1 IG21A 1 G22A 2+K 11_1_2 A IA_
= Ylc+

Y2 l+KllGllA1 I+KllGllA1 U2c

K11G31A 1 G32A 2+K 11_1_3 A IA2
= Ylc -i u2 cY3 I+KIIGllA1 l+KI1GlIA1

_I-2 = GllG22- G12G21 , _1_3 = G11G32- G12G31

where _i-j denotes the vehicle coupling transfer functions.3 As part of the synthesis, the loop

transfer K 11G11AI is utilized to generate Evans and Bode traces. Selection of an angular rate

sensor mounted very close to the forward vane would tend to elicit the highly sought pole-zero

interlaced pattern of Section III for aeroelastic damping augmentation. Aerodynamic coupling

effects should be less a factor, when compared with results in Section III, since the vane is located
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well forward of thewing andbody, thusminimizing interferenceeffects,andthevanestructure

will be relativelystiff in comparisonto thewing.

Before closing the y2/U2cSAS loop, note the coupling that exists betweenthesetwo

channelsin Eq. (4.3) (i.e.,G12andG21). If thiscoupling is significantbut ignoredin thedesign,

the loopscannot beexpectedto operatein a harmoniousmanner. To provide this synchronous

behaviorwith couplingpresent,aU2c-tO-Ulccrossfeedis considered,or
Ylc = Kcfu2c (4.4)

This signalpathleadsto a secondintermediatesystem

G 12A 2+KcfK 11G 11A 1

Yl = l+K11GllA1 U2c

G22A 2+K 11_1_2 A 1A2+KcfK11G21A 1

Y2 = I+K11G11A 1

G32A 2+K 11_1_3 A 1A2+KcfK 11G31A 1

Y3 = I+K11Gll A 1

U2c

U2c

(4.5)

Introduction of the crossfeed fundamentally alters the transfer function numerator characteristics in

Eq. (4.5). Kcf(s) can be used to reduce excitation and participation of troublesome aeroelastic

modes in both the Yl and Y3 responses from the input U2c. Sensor placement for response Y2 can

be relied upon to eliminate the most significant mode (mode 1) from this response, leaving the

crossfeed to address responses Yl and Y3. Migration paths for the numerator roots of interest in

Eq. (4.5) are based on the functions Kcf{KllGllA1}/{G12A2} and Kcf{KllG31A1}/

{G32A2 +K 11_ 1-3A 1A2 }.

Finally, the y2/U2c loop is closed, or

U2c = K22(Y2c - Y2) (4.6)

With this loop closed, the augmented system is

K22( G 12A2+Kcf K 11G11A 1)

Yl - I+K11G 11A 1+K22{ G22A2+K1 l_i_2A 1A2+KcfK 11G21A 1} Y2c

K22 {G22 A 2+K 11_ 1-2A 1A 2+KcfK 11G21A 1}

Y2 = I+K11G 11A l+K22{G22A2+K11_1_2A 1A2+KcfKllG21A 1} Y2c

K22{ G32A 2+K 11_1 - 3A lA 2+KcfK 11G31A 1}

Y3 = 1+K11G ! 1A l+K22{G22A2+K1 l_l_2A 1AE+KcfK 11G21A 1} Y2c

(4.7)
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The loop transfer K22(G22A2+K11 _J I-2A1A2+KcfK11G21A1 }/(1 +K 11G11A1 } would determine

the basic Evans and Bode characteristics during selection of gain and compensation logic for

K22(s). Sensor placement near the anti-node of the 1st structural mode would tend to provide

acceptable transfer function dynamic features for pitch stabilization and augmentation.

If deemed necessary, the Y2c prefiiter can be considered, or

Y2c = P2Y2c (4.8)

In this case, the final augmented system is

P2K22( G 12A 2+Kcf K 11G 11A 1) Y2c (4.9)

Yl = I+K11G 11A l+K22{G22A2+ K11 _1-2 A IA2+KcfK11G21A 1}

P2K22{ G22A2+K1 l_l-2A 1A2+KcfK 11G21A 1 } Y2c

Y2 = 1+K11G 11A I+K22{ GE2A2+K11_1_2A 1A2+KcfK 11GE1A 1 }

P2K22{ Ga2AE+K 11_ 1_ 3A 1A2+KcfK 11G31A 1} ,VEc

Y3 = I+K11G 11A 1+K22{ GE2A 2+ K 11_ 1-2A 1A2+KcfK 11G21A 1}

This filter can be relied on to screen specific frequency content from the command signal in order

to further reduce any residual oscillations that remain in the closed-loop system under stick

commands, or possibly to "speed-up" the response quickness by providing lead action. This filter

is not a substitute for the feedback loops, and only provides mild changes to the system

characteristics. The prefilter will do nothing to alter response characteristics originating from other

input sources such as atmospheric turbulence.

This feedback strategy corresponds to the "mechanics" illustrated in Fig. 55 and discussed

below. If the application is to the HSCT model in Appendix C, Ulc and u2c would correspond to

Ulc = _Vc and u2c = _Ec, and appropriate sensor locations would be Yl = q400 and Y2 = q1850.

Suppose the pilot commands a nose down pitch motion with command signal q1850c. Initial

elevator deflection will be down with rigid rotation indicated in the figure. The q1850/_Ec loop will

stabilize this motion and provide good handling qualities. The initial up tail force will excite the

aeroelastic dynamics and mode 1 will initially deform as shown. The _3Ec-tO-_V c crossfeed will

lead to initial trailing edge up deflection for the vane. This coordination hinders aeroelastic

excitations from 5Ec int?uts. Superimposed on top of this two-surface deflection strategy, the
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q400/SVcIoop actsto dampenaeroelasticmotionsthat are inevitabiy excited,possiblyfrom gust

disturbances.Thefollowing sectionsdescribein detaileachof thefour designsteps.

1_Aeroelastic

5v

Rigid

Figure55. "Mechanics"Of TheMS/MS Flight ControlSystem
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B. Aeroelastic Suppression Loop

Consider the Evans plot behavior shown in Fig. 56 for the closed-loop poles

corresponding to Eq. (4.3) using static compensation (i.e., K 1l(S) = k 11)- Recall only the q400/Sv

loop is closed here. Observe the approximate pole-zero interlaced behavior associated with this

channel. Departure angles for nearly every aeroelastic mode are near the optimum 180 deg value.

Significant potential exists to damp many of the modes. Only the highest frequency structural

mode is potentially destabilized. Also note the relaxed stability mode tends to be stabilized by this

loop, easing the required bandwidth in the pitch augmentation loop yet to be considered. After

many loop closure attempts described in Ref. 13 and Section III of this report, a channel with

significant design leverage for mode suppression has been identified.

The closed-loop poles in Fig. 56 are highlighted for a compensator gain value of k 11 =

2.33 rad/rad/s. Fig. 57 shows the corresponding Bode plot for this gain value. Observe how the

system phase remains above -180 deg out to a frequency near 70 rad/s providing a buffer from

possible instability due to modeling errors. For this design model, the phase buffer is not quite

sufficient, however, to exploit the full potential of this mode control loop. For the indicated gain

value, mode 9 lies just above the 0 db level and bumps into the 60 deg phase margin requirement

set forth in Refs. 1-2. This restricts the upper limit of usable loop gain and prevents further

augmentation of modes 1-2. Several design options incorporating dynamic compensation are

considered next to overcome this restriction.

A cautious, low-gain option is to attenuate mode 9 with a low pass filter, inserted

somewhere in the region of 10-20 rad/s. With this attenuation strategy, the loop gain can be

increased to further augment modes 1-2. Considering the high number of modes in the 10-40 rad/s

region in Fig. 56, it is highly unlikely insertion of a low pass filter can be accomplished without

impacting the phase characteristics.

compensator is

Selecting a break point of 20 rad/s, the low-gain option

20
Kll(S) = kll (s+20) (4.10)
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Figs. 58-59 show the Evans and Bode characteristics. Several modes have been destabilized

towards the imaginary axis. Phase loss from the low pass filter has eliminated the inherent system

phase buffer associated with this channel. Multiple -180 deg crossover points occur, preventing

significant loop gain increments to augment dampings. For the indicated gain value, mode 9 is

riding the 8 db stability margin requirement and the mode 1 damping value is less than that for Fig.

56 (_1 = 0.098 vs. 0.142). Attempts to restore the lost buffer with additional phase lead terms in

Eq. (4.10) were not successful. For these reasons, the low-gain option does not appear to be an

attractive solution. The baseline, static compensation results are more desirable than results shown

here.

At the other extreme, an aggressive, high-gain option is to boost the inherent phase contour

in the region of 25-70 rad/s with a lead-lag filter. With this strategy, the phase buffer will be of

sufficient value to satisfy the 60 deg stability margin requirements under significant increments in

loop gain. Approximately 40 deg of additional phase is required in the 40-70 rad/s region to

achieve the objective. Break points associated with the lead and lag terms to create this phase will

extend the control bandwidth considerably. Therefore, this option is considered high risk in the

sense current actuation technology may be surpassed. This risk should not be fully equated with

susceptibility to modeling errors and resulting instability mechanisms. On the contrary, if the

actuator can not deliver the phase lead to high bandwidth, the inherent phase buffer shown in Fig.

57 resurfaces. In this scenario, phase margins would not meet requirement levels, but an inherent

lower bound of approximately 20 deg would exists in this channel. Selecting break points at 16

and 100 rad/s, the high-gain option compensator is

Kll(S)=kll 100 (s+16)
16 (s+100) (4.11)

and Figs. 60-61 show the design characteristics. The upper limit of usable gain is much higher

when compared to the baseline, static compensation results. For a gain value double that of the

static compensation case, the closed-loop mode 1 damping value is E1 = 0.323.
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A solution failing somewhere in between the previous techniques will incorporate both

attenuation and phase lead strategies. In reference to the phase lead approach discussed above, a

transition from phase lead to attenuation will be necessary due to eventual airframe-actuator phase

crossover and the presence of additional higher frequency modes not included in the design model.

With a high authority mode control loop incorporating phase stabilization techniques, the designer

must ultimately specify a boundary where modes below the boundary are phase stabilized and

above the boundary modes are gain stabilized.

Assessment of the basic magnitude and phase characteristics in Fig. 57 indicate

approximately 20 deg of phase lead is needed in the 20-30 rad/s region to meet stability margin

requirements, while approximately 40 deg of additional phase is required above this frequency

range. Therefore, an eclectic, intermediate-gain strategy is to phase stabilize modes 1-8 leaving

modes 9 and up for gain stabilization. Lead-lag behavior will be required in the 20-30 rad/s range.

In addition, attenuation of mode 9 is necessary to increase the upper region of usable loop gain.

As demonstrated previously (see Fig. 59), first order lag filters are not suitable when applied

within a modally dense frequency region. Notching will be considered for mode 9 attenuation.

Consider the intermediate-gain compensator to be

40 (s+15) (s2+2{0.01004} {35.65}s+35.652) (4.12)
Kil(S)=kll 15 (s+40) (s2+2{0.05}{35.65}s+35.652)

Evans and Bo_te plots corresponding to Eq. (4.12) are shown in Figs. 62-63. The notch filter

attenuates mode 9 by 12 db. The lead-lag filter adds 27 deg of phase at 26.2 rad/s, 20 deg to meet

the original phase margin requirement and 7 deg for losses due to the notch filter. The gain value

kll = 3.00 rad/rad/s corresponds to a phase margin of 69 deg associated with mode 7. This

selected gain value is larger than the baseline value by a factor of 1.3, and further loop gain

adjustments are still available since stability margin constraints have yet to be reached. Here, the

closed-loop value for damping of mode 1 is 41 = 0.207. This level of damping is required for

substantial suppression of high frequency transient motions following vehicle excitations. This

strategy is considered, to some extent, to be of high risk in the sense notching will require a
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premiumon designmodelaccuracy,andpossiblyreal-timemodefrequencyidentificationwhen

implemented.Theintensityof thenotch,however,is characterizedasmild, ratherthanaggressive,

sincethefilter only restoresmarginsto acceptablelevels. Thefilter is not heavily relieduponto

achievebasicstability,thischaracteristicis alreadyinherentin thechannel.If thenotchfrequency

werein error, thesystemcharacteristicswould tendto revertbackto thoseof Fig. 57 (minimumof

20degphasemargin).

In summary,four solutionshavebeenconsideredfor the aeroelasticsuppressionloop: a

baselinesystem,a low-gain system,an intermediate-gainsystem,anda high-gainsystem.The

low-gainsystem,which incorporateslow passlogic, hasseveraldrawbacksincludingarestricted

regionof usableloop gain andlittle augmentationof modes1-2. Phaseloss is theculprit. The

high-gain system,which incorporatesa large phaselead element,also hasseveraldrawbacks

including high bandwidthandrelianceonhigh performanceactuators.Only thetwo remaining

candidatesolutionswarrantfurther studybeyondtheconfinesof thisreport,oneof low risk, the

other higher risk. Adoption of gain only compensationfor the aeroelasticsuppressionloop

providesreliable mode suppressionlogic with low sensitivity to modeling inaccuracies. The

tradeoff is reducedperformanceasmeasuredby aeroelasticmodedampingratios. Utilization of

combinedlead-lagandnotchcompensationtakesamorebold courseof actionto exploit thefull

potentialof theforwardvaneandassociatedfeedbackloop. Considerableleveragecanbeapplied

to thestructuralmodes.However,thetradehereis vulnerabilityto designmodeluncertainty. As

will beshown,this latterstrategystill providesgoodstabilityrobustnesscharacteristics.Thus,the

lead-lagandnotchstrategywill becarriedinto furtherdesignstepsin this section.

Design of this mode suppressionloop is key to the proposedinner loop architecture

describedin this section. If this FCSarchitecturewereto beadopted,or somemodifiedversion

thereof,programactivities shouldinvestconsiderableresourcesin validatingthe feasibility and

verifyingthepotentialpredictedfor this loop,asdescribedherein thisreport. Additionally, further

investigationsof designissuesraisedin thissubsectionarerecommended.
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C. Coordination Crossfeed

Figs. 64 and 65 show.the migration paths for the numerator roots (i.e., zeros) of the

q400/SE and az 400/8E dynamics corresponding to Eq. (4.5), as the crossfeed gain kcf (i.e., Kcf(s)

= kcf) is varied. Note the q400/Sv loop is already closed at this design stage. The SMCS design

internal to this analysis is the combined lead-lag/notch compensation described in Eq. (4.12) and

Figs. 62-63. Recall the crossfeed path in Fig. 54 is utilized to "bend" the forward portion of the

vehicle to oppose elastic deflections arising from pitch commands issued at the aft tail. When

translated into the mathematics, the crossfeed is used to eliminate, or reduce, critical nonminimum

phase zeros associated with the q400/_E and a z 400/_E transfer functions. Additionally, the

crossfeed is utilized to relocate zeros near critical augmented pole locations from Fig. 62. In Fig.

62, modes 1 and 2 are considered most critical based upon their contribution to the overall

responses. These two intermediate pole locations (-1.7+j7.9 and -1.4+j 12.9 l/s) are denoted by

the "+" symbol in Figs. 64-65. The design strategy of the control architecture in Fig. 54 is now

apparent: aeroelastic suppression is achieved by both mode damping (pole augmentation) and

dipole "tightening" (zero augmentation).

In Fig. 64, the zero corresponding to mode 1 initiates from well within the fight-half plane,

and migrates to just inside the left-half plane (-0.17+j2.1 l/s) for large values of kcf. The right-half

plane starting point for this migration path is an inherent characteristic of the non-collocated vehicle

G12(s) transfer function. For a nose down pitch command issued at the tail, an elastic pitch up

contribution from mode 1 occurs (see deflection shapes in Fig. 28). This elastic pitch is initially

out of phase with the rigid pitch motion. On the other hand, the zero designated with mode 2 starts

from well within the left-half plane and migrates towards the imaginary axis (-0.58+j 11 l/s) as the

gain kcf increases. Fig. 28 indicates the elastic pitch contribution from mode 2 at this fuselage

station is nose down and is initially in phase with the rigid pitch motion. Similar behavior is

observed in the az 400/_E transfer function in Fig. 65, except the mode 1 and mode 2 characteristics

are reversed from that in Fig. 64. This reversal of characteristics is due to the inherent

nonminimum phase behavior associated with forward station rigid acceleration. For the nose
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down pitchcommand,the400 in Stationwill initially experienceupaccelerationfrom therigid-

body contributionto theoverallmotion. Accelerationfrom mode1is in phase,andacceleration

from mode2is out of phase,with respectto this initial rigid motion. Hence,in Fig. 65, migration

path 1originatesin theleft-half planewhilepath2 startsin thefight-half plane.

For acrossfeedgearingratio of -0.3 rad/s/rad, the critical nonminimum phase zeros are

reduced, but not fully eliminated. Use of a higher gearing ratio would fully eliminate these right-

half plane zeros, but would also result in excessive vane travel and rate activity (see Section V).

Excessive vane motions may impact airflow quality over the main wing and at the propulsion

inlets. Further, aggressive vane command signals may not be realizable with current actuation

hardware technology. Another important issue gleaned from the characteristics in Figs. 64-65 is

the fundamental trade between the mode 1 and 2 dipole structures. Consider Fig. 65. For low

gearing values (such as -0.3 rad/s/rad), the crossfeed is tuned to yield a tight dipole for mode 1

(maximum cancellation). This tuning leaves the modal contribution from mode 2 at a high level

(i.e., loose dipole for mode 2). Utilization of higher gear ratios would result in opposite dipole

characteristics. Similar observations are noted in Fig. 64, but the pitch rate behavior is

fundamentally worse because the critical right-half plane migration branch is at a much lower

frequency, when compared with corresponding features in Fig. 65.

This conflict between modes 1 and 2 is traceable to the deflection shapes given in Fig. 28.

For a pitch command issued at the tail, modes 1 and 2 initially deflect in opposite directions at

forward stations. Intentional "bending" of the forward vehicle structure to oppose mode 1 pitch

motion inherently amplifies the contribution from mode 2, and vise versa. Due to the close spacing

of modes, there is no direct means to independently leverage one mode and not the other. The

vane mounting location could be slid back to the mode 2 node point, but significant leverage on

mode 1 is lost. For the baseline vane and with static compensation for the Kcf(S ) crossfeed block,

the only available design freedom is gain adjustment to balance the structural contributions from

modes 1 and 2 to the overall response. This balancing leads to unsatisfactory results.
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Utilization of filtering in the crossfeed path has been found to lessen the severity of the

trades noted above. Consider a "cliff" filter within the crossfeed block, or

Kcf(S ) = kcf 102 (s+40)(s+40) (4.13)
(s2+2{0.5 }{ 10} s+102)

This filter consists of two, considerably damped, complex conjugate poles and a pair of real zeros,

with break frequencies beyond the denominator natural frequency. The magnitude frequency

response shape associated with this filter includes steep (cliff) attenuation beyond the denominator

break point and gradual leveling off of magnitude beyond the numerator break points.

Figs. 66-67 show the q400/SE and az 400/_E numerator migration characteristics

corresponding to the dynamic crossfeed Kcf(S) in Eq. (4.13). In both transfer functions, the cliff

filter denominator has the effect of introducing a new migration path. This new migration path

starts at the cliff filter pole -5+j8.7 1/s and terminates at the points -0.17+j2.1 and -0.19+j3.8 I/s,

respectively, in Figs. 66-67. This new path serves as a replacement path for the original mode 1

path (compare the paths labeled "Cliff" in Figs. 66-67 with the paths labeled "1" in Figs. 64-65).

An initial assessment of the mode 1 dipole characteristics in Figs. 66-67, relative to the

corresponding features in Figs. 64-65, would indicate degraded behavior for the modal

contribution to the responses. The mode 1 dipoles in Figs. 66-67 are considerably more open than

in Figs. 64-65. However, when both mode 1 and mode 2 dipoles are considered simultaneously,

the new characteristics yield notable improvements in the overall modal contributions. A much

improved balance between the mode 1 and mode 2 contributions to the responses is obtained with

the cliff filter. A value of kcf = -0.25 rad/s/rad provides the "best" balance when monitoring the

time responses of the final overall closed-loop system. Another added benefit from the cliff f'tlter is

the readjustment of the critical nonminimum phase migration paths to higher frequency regions.

Note in Figs. 66-67 the paths originating in the right-half plane labeled "1" and "2" are pushed to a

higher frequency when compared with Figs. 64-65.

In terms of the mechanics, this dynamic crossfeed, in response to pitch commands at the

tail, will tend to actively control and oppose the out of phase elastic pitch deflections in the
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frequencyregionbelow 10rad/s(mode1),andwill respondwith reducedauthorityto thein phase

elasticpitch motionsoccurringabove10rad/s(mode2). Under thefixed inner loop architecture

given in Fig. 54, thereappearsto be few other alternativesolutions for the crossfeedlogic.

Crossfeedfilters exploitingfight-half planeparametersis onealternative,but is not recommended

for systemswhich mustbe implemented.Thetwo channelcontrol architectureis well suitedfor

augmentingthe rigid pitch and lowest frequency structural modes. When the next higher

frequencystructuralmodebecomessignificant,as in the HSCT configuration,thetwo channel

architecturehas limitations to what can be accomplished. Here, these limitations manifest

themselvesin termsof thecrossfeedactionimpactingmodes1and2 in opposingmanners,andthe

resultingresidualaeroelasticcontaminationremainingin theresponses.Considerationof a three

surfacedeflectionstrategyis beyondthescopeof studyhere.

135



7O

6O

50

40

6_

IE30

2O

I O, Cliff

!

-5 -4

' X--- ' '._,

* " kcf = -0.25 rad/s/rad

+ • Pole From Fig. 62

2 +x----°-°-°-°-°-°-°-°_
O

1+

-3 -2 -_
Real (rad/s)

1

0

9

8

7

6

v

m4
t_

_E3

2

1

I I I |

Cliff

* • l_f = -0.25 rad/s/rad + 1

\ + : Pole From Fig. 62
"x.

:i
-3 -2 -1 0 I 2 3

0 _ ............................... 1_ ..... l_-]_--- _ .........
I I I I i ,

-5 -4 -3 -2 -1 0
Real (rad/s)

Figure 66. Numerator Migration Plot For 400 in Pitch Rate
To Elevator With Cliff Filter

136



70

60

50

40

_E30

20

10

-5

i i

* " kcf = -0.25 rad/s/rad

+ • Pole From Fig. 62

X,, _(

Cliff
1

I I i

-4 -3 -2 -1
Real (rad/s)

i
! [

9 _ Cliff
* : k_f = -0.25 rad/s/rad

8- "

7

6

_5

_4

_3

2

1

0

-5

O _. 2,

0

+ : Pole From Fig. 62 + 1

....... _(................................ _ ...... _ ..... !- .........
I I f I

-4 -3 -2 -1 0
Real (rad/s)

Figure 67. Numerator Migration Plot For 400 in Vertical Acceleration
To Elevator With Cliff Filter

137



_2

D. Pitch Augmentation Loop

Consider the traits of the q1850/SE transfer function Evans plot corresponding to Eq. (4.7)

in Fig. 68. In this loop, the baseline controller equalization is proportional-integral (PI) logic, or

1. (s+z) (4.14)
K22(s) = _22' g

For a relaxed stability airframe (such as the HSCT at low altitude, subsonic flight conditions), PI

compensatory manipulation of the pitch rate error signal is a highly effective strategy for

stabilization and augmentation of the pitch characteristics. Here, the PI parameter z will be selected

as z = 2 l/s. Again note the aeroelastic suppression loop with Eq. (4.12), and now the crossfeed

with Eq. (4.13), are intrinsic to the system characteristics discussed here. In Fig. 68, observe how

the unstable real axis pole is driven into l/x01, which resides slightly in the left-half plane, and

how the mid period mode moves out to become the dominant pitch mode. As expected, the 1st

aeroelastic pole is accompanied by a closely spaced zero, canceling any effects from this mode in

the signal as it travels around the loop, regardless of the loop gain. Focusing on the higher

frequency aeroelastic modes, the 1,850 in sensor leads to "out of phase" pick-up of the 2_ and

11 th modes. As the loop gain k22 is increased, these modes lose damping and eventually lead to

instabilities. Similar behavior was noted in Ref. 13, but here the aeroelastic suppression loop has

already damped these modes, allowing some of the damping to be traded off. The design

constraints associated with 1) having a sufficient level of gain for handling qualities, and 2)

keeping the gain sufficiently low to preserve aeroelastic stability margins, are significantly less

severe when contrasted with similar characteristics observed in Ref. 13 using a SS/SS control

architecture.

The closed-loop poles in Fig. 68 are highlighted for a compensator gain of k22 = -3.07

rad/rad/s. Fig. 69 shows the corresponding Bode plot. For this gain value, the real axis instability

is neutrally stable (note the dc gain of 0 db in Fig. 69 and the closed-loop pole at the origin in Fig.

68). Magnitude crossover occurs at 1.3 rad/s, and is later shown to be satisfactory for pitch

damping and frequency, rigid phase margin, and aeroelastic gain margin requirements. The key to
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mutual attainmentof thesevariousrequirementsnotedin Fig. 69 is the secondaryvaneloop

dedicatedto aeroelasticsuppression.The vaneloop hasthe fortuitouseffectof attenuatingthe

Bode magnituderesponsepeaksin Fig. 69 beyond6 rad/s. Onemajor deficiencystill exists in

Fig. 69, however. For the indicatedcontrollergain, note thedc gain in the Bode plot doesnot

meetthe low frequency4.5dbgainmarginrequirement.In fact, therelaxedstability modeis not

fully stabilizedwith thisgainvalue. A simplesolutionfor tkis problemwill bediscussedshortly.

TheseEvansand Bode features give a qualitative perspective of the much improved

tradeoffs (relative to Ref. 13) between rigid-body and aeroelastic characteristics associated with the

pitch augmentation loop. For a quantitative description of the tradeoffs, consider Tab. 14 which

indicates compliance or non-compliance with several flying quality requirements and metrics, as

the loop gain k22 is adjusted. Performance metrics include rigid pitch frequency, damping, control

anticipation (CAP), and omega-tau, while stability metrics consist of the rigid low frequency gain

margin, rigid high frequency phase margin, and aeroelastic mode 2 gain margin. These metrics are

as def'med in Refs. 1 and 2. In Fig. 69 note the phase point corresponding to mode 6 is very near

-180 deg and the peak magnitude values of mode 6 and mode 2 are nearly equal. Therefore, the

computed aeroelastic gain margin for mode 2 also approximately represent margins for mode 6.

Shaded boxes in Tab. 14 indicate noncompliance with the requirement.

Before starting the discussion, a few comments are in order. The flying quality

requirements spelled out in Refs. 1-2 have not been validated for highly flexible vehicles, and do

not fully address important flying quality issues expected with such vehicles.24 Never the less,

there is little else to base flight control decisions on, short of costly piloted simulation tests.

Therefore, the requirements are used here, but only to seek ballpark estimates of flying quality

levels, not definitive answers. Because of the uncertainty involved, and to reduce computational

burdens, the equivalent systems approach was not considered here. Therefore, the numbers in

Tab. 14 were calculated by using data taken directly from the full order model, not an equivalent

number from a reduced order model. In computing O_sp,r02, 1/z was substituted for x02. Further,

the requirements correspond to Class III vehicles in Category C flight.
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-k22

(r/r/s)

0.46

I. 12

3.07

5.22

7.04

8.84

10.73

12.78

Table 14. System Characteristics With Gain Adjustment

For 1,850 in Pitch Rate To Elevator Without Filtering

>0.7 >0.35

(r/s) (-)

0.38 0.47 (min)

0.64 0.51

CAP

>0.16

(1/gs 2 )

i

0.0087

C°spT82

>1.3

(-)

0.19

PM_>.38

>45.

(deg)

48.8

GM 2

>8.

(db)

28.47

0.025 0.32 47.6 20.74

1.22 0.56 0,089 ..... 0.61 51.6 11.98

1.66 0.61 0.17 !0,83 55.2 7.37

1.97 0.66 0.23 57.5 4.77
0.71

0.76
59.t 2.80

J

59.8 I.Ii

59.5 -0.41

0.30

0.36

0.43

2.22

2.45

0.99

1,11

1.23

1.34

GM_<. 38

>4.5

(db)

-16.49

-0.76

0.00

4.61

7.21

9.19

10.87

12.39
2.67 0.81

The entries in Tab. 14 correspond to 0.05 increments in rigid pitch damping, and note that

one entry corresponds to the gain previously discussed. Level 1 requirements for short period

damping, frequency and control anticipation, as well as requirements for low-end rigid gain margin

and high-end rigid phase margin, can all be satisfied with only a small violation in the aeroelastic

mode 2 gain margin requirement (for k22 = -5.22 rad/rad/s). It should be noted that ratings based

on omega-tau do not correlate particularly well with those based on control anticipation. In general

(aside from the noted exception), as loop gain is increased, rigid-body performance requirements

for predicted Level 1 flying qualities and stability requirements become satisfied just as the

aeroelastic mode 2 gain margin violates the 8 db requirement. In Tab. 14, negative gain margin

entries imply a margin deficiency beyond neutral stability. Fig. 70 illustrates the situation further.

These plots show the CAP vs. _sp and C0sp'C02vs. _sp predicted pilot ratings with aeroelastic gain

margin as the parameterization. The 2rid aeroelastic mode gain margin is just compromised as good

rigid-body flying qualities are attained (based on CAP). These relationships support a high level of

confidence in meeting the closed-loop objectives with the proposed inner loop control architecture

in Fig. 54.

Refocus attention on stabilization of the relaxed stability mode in Figs. 68-69. This mode

is closely tied to the forward speed degree of freedom. One possible solution would be utilization

of a speed control loop (either elevator or throttle based) to leverage this unconventional low

frequency mode. This solution may add unnecessary control architecture, and may complicate
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interfacingissueswith a "flight path rate/ speed" outer loop control system, the current baseline

outer loop architecture for HSCT. Here, utilization of the basic pitch augmentation characteristics

previously discussed is recommended. Simple loop gain increments will stabilize the mode. To

desensitize the aeroelastic modes to this increased loop gain, a somewhat nonstandard strategy is

utilized. The Bode magnitude response above 0.01 rad/s will be attenuated uniformly by the

amount approximately needed to stabilize and robustize the relaxed stability mode (4.5 db). This

attenuation is achieved from a small lag-lead filter located near 0.01 rad/s. In the critical frequency

range, there is virtually no loss of phase from this filter. The low frequency instability is then

stabilized, and original crossover bandwidth is recovered, by overall gain adjustment.

The Bode plot for this modified loop design appears very similar to Fig. 69, except the dc

magnitude value is now at 4.5 db. Based on criteria already presented, acceptable pitch handling

qualities (at the 1,850 in station) and stability margins across the entire frequency spectrum are

attainable with the modified loop shape. However, examination of the 400 in pitch rate response

due to stick commands reveals an objectionable level of residual structural vibration. In other

words, 8 db attenuation of the aeroelastic modes in the 1,850 in loop for stability purposes is not

sufficient for performance requirements at other stations. Thus, to further attenuate these modes, a

low pass f'dter with break frequency at 10 rad/s is inserted into the loop design. The low pass filter

leads to approximately 6.7 deg of phase loss at the gain crossover point. The overall phase at this

same point is 1.2 deg shy of compliance with the 45 deg margin requirement. To recover this

margin, an additional small lead-lag circuit is incorporated near 1 rad/s.

The final compensator is

K22(s)=k22(s +2) 0.01 (s+0.02) 1.2 (s+l.1) 100.02 (s+0.01) 1.--]"(s+l.2------')(s+10) (4.15)

and Tab. 15 summarizes the design for a gain value of k22 = -5.08 rad/rad/s. Also, Figs. 71 and

72 show the final Bode and Evans features. By exploiting the additional filtering in Eq. (4.15),

rigid-body stability and performance requirements and aeroelastic stability requirements could all

be achieved simultaneously, if a sufficient level of gain is selected. However, a low gain was
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intentionally selected (k22 = -5.08 rad/rad/s) to keep the residual Structural vibrations, in forward

station responses, to a "sufficiently small" level. For this gain value, the rigid-body gain crossover

only reaches 1.18 tad/s, as seen in Fig. 71. Short period frequency and damping meet Level 1

requirements. However, control anticipation only satisfies the Level 2 requirement (see Tab. 15).

Simultaneously, the rigid-body low-end gain margin and high-end phase margin are very near the

4.5 db and 45 deg requirement levels, but do satisfy these requirements. In addition, the

aeroelastic mode 1 gain margin is intentionally set well above the 8 db requirement for reasons

stated previously. The control anticipation value could easily be boosted to a Level 1 rating with a

modest gain increment equivalent to approximately 4 db, still leaving approximately 12 db gain

margin for mode 2. However, a more comprehensive assessment, which additionally considers

effects on handling qualities from transient response characteristics originating from residual

vibrations, would, with high probability, predict a lower rating.

Table 15. Design Summary Of 1,850 in Pitch Rate To Elevator

With Filtering, k22 = -5.08 rad/rad/s

Metric Level 1 Level 2 lunit) Design
_sp _0.7 _0.4 (rad/s) 1.15

_sp _0.35 _0.25 (-) 0.54

CAP _0.16 _0.05 0.08

_sp_O2 _1.3 _0.75 0.58

GM_<.38 _4.5 - (db) 4.51

PM_>.38 _45. - (deg) 46.05

GM 2 _8. - (db) 16.26

Figs. 73 and 74 show the pitch rate and vertical acceleration responses at the 400 in station

for the design summarized in Tab. 15 due to a 1 deg/s nose up command issued at Y2c in Fig. 54.

The basic closed-loop response shapes are as expected for such a large airframe with a long lever

arm to the cockpit: pitch rate rises with one significant overshoot and settles near the commanded

value in approximately 4 s and acceleration generally follows the pitch rate response

(a z ~- xBq- Uq ). Superimposed on these rigid pitch characteristics, is the residual structural
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vibrations that remain even after being actively suppressed. These transients would be even more

severe if the pitch loop gain were increased further to satisfy Level 1 CAP requirements. No

disagreement will be given concerning the significance of the initial transient motions in these

responses (especially for acceleration in Fig. 74) and the impact they may have on compensatory

piloting tasks and ride comfort. However, a refined assessment of the features in Figs. 73-74

reveals some attractive characteristics. In direct response to a nose up command, ocular and

vestibular cues (both rotational and translational) stimulating the crew would exhibit high initial

onset which is in phase with the command signal, and remains so. The observed visual scenery

would indeed be rapid nose up motion relative to the horizon. Likewise, the crew would initially

receive a solid "kick in the pants" inertial load in the proper direction. The strength of this inertial

cue does exhibit transients (approximately 0.02 g or 17% of the steady value, approximately 0.12

g) for about 1.5 s. However, the acceleration cue does not, and does not come close to, direction

change (+ sign) during these short duration transients. It is quite probable an experienced and

sufficiently trained pilot could perform successful closures on such dynamics. Quantification of

these effects, through testing and criteria development, for aeroelastic vehicle dynamics and control

requires additional work. 24

The response characteristics in Figs. 73-74 are near optimal, under the proposed

architecture and practical constraints discussed in Sections IV-A through IV-D. Each component in

the overall multivariable controller is important to, and is tuned for, achieving the dynamic

performance levels noted in Figs. 73-74. If any single component is removed, the response

characteristics degrade significantly. This sensitivity should not be confused with robustness to

unmodeled dynamics and parameter variations. On the contrary, Tab. 15 indicates good

gain/phase margins and Section IV-F shows good parameter margins, as well. The response

levels in Figs. 73-74 can be improved upon if greater design risks are taken. A more aggressive

posture in the aeroelastic suppression loop would damp the residual vibrations seen in Figs. 73-74.

This would, in turn, allow for more aggressive augmentation in the pitch loop leading to Level 1

flying qualities (predicted by control anticipation values). A more aggressive filtering strategy in
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the crossfeedblock would also result in reducedinitial transieiits. The proposedcrossfeedis

currently tuned to strike a balancebetweenmode 1 and mode 2 contributions to the initial

transients,ascanbeseenin Fig. 74. This reportoffers several options for the inner control loops

for a HSCT class vehicle and shows the tradeoffs between these options. However, program

management must ultimately decide the level and aggressiveness of augmentation that is to be

undertaken, if this architecture, or a derivative thereof, is adopted.

In Ref. 13, where scalar-loop architectures were considered for both pitch augmentation

and aeroelastic suppression simultaneously, a very severe trade between pitch handling

characteristics and aeroelastic stability existed. In the multi-loop architecture considered here and

implemented with the additional vane loop, this trade becomes one of pitch handling qualities vs.

aeroelastic residual vibration, in a performance sense, not a stability sense. Although a significant

trade issue remains, it is considerably more appealing than one involving basic stability levels.

With the feedback signals fully exploited, the remaining response deficiencies will be resolved with

the command signal prefilter.
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E. Command Shaping Prefilter

The residual vibrations noted in Figs. 73-74 can be directly traced to the final closed-loop

dipole structures for modes 1 and 2. The closed-loop poles for modes 1 and 2 are shown in Fig.

72. Note these locations are not far removed from the locations indicated in Figs. 66-67. Also

observe from Eqs. (4.5) and (4.7) that the closed-loop zeros, after the crossfeed design step and

after the pitch loop design step, are identical, aside form any K22(s) compensator zeros.

Therefore, Figs. 66-67 capture the essence of the residual structural vibration problem, and also

indicate the required command faltering.

The closed-loop root locations for modes 1 and 2, as computed from the design presented

in Section IV-D, are listed in Tab. 16. In Figs. 66-67, these poles are denoted by the "+" symbol,

and the zeros by the "*" symbol. The contribution from each mode to the time response is a

function of the modal residue, which in turn is related to the dipole magnitude (distance between

pole and zero). Figs. 66-67 illustrate the optimized dipole characteristics, which are highly

improved from the basic airframe characteristics, but are still lacking, as evidenced by the

responses in Figs. 73-74.

Table 16. Closed-Loop Mode 1 & 2 Root Locations For 400 in

Pitch Rate And Vertical Acceleration
II I _ iii

Mode Poles (l/s) Zeros-Pitch Rate (l/s) Zeros-Accel (l/s)

1 -1.73  v.97 -0.99±j5.03 -1.75 ±j 6.01 _
2 -1.48±512.75 +2.86±_8.51 -0.070±j13.95

Screening of selected frequencies by the stick filter is based on the listed root locations in

Tab. 16. First note the pitch rate and acceleration zeros associated with mode 2 are located in the

right-half plane, or very near to this region. Utilization of left-half plane filter roots rules out any

significant screening of mode 2. This is of no great concern, as mode 1 is the largest contributor to

the transient motions. Although the mode 1 pole locations are identical for either response channel

in Figs. 66-67, the zeros associated with this mode are not. Therefore, some compromise will

exist when blocking frequency content in the pitch rate response vs. the acceleration response.
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Fortuitously, the cliff filter resultsin responseswith very similar numeratorroot locations for
mode 1.

Theprefilterisspecifiedas

5 (s+4)5.7...__22(s2+2{0.21}{8.1}s+8.12) 30

P2(s) = 4 (s+5) 8.12 (s2+2 {0.26} {5.7 }s+5.72) (s+30) (4.16)

This filter structure consists of quadratic numerator and denominator factors which lead to poles

approximately centered between the zeros locations listed above and shown in Figs. 66-67. In

addition, a small lead-lag factor is included to effectively increase the closed-loop x02 value in

hopes of improving the separation between pitch and flight path responses, and to improve the

control anticipation ratings. This lead filter also has the effect of reducing any phase loss from the

quadratic factors in the command path. A final component of the prefilter is a low pass element to

limit the control bandwidth of the pilot inputs above a specified frequency and to further reduce

excitation energy reaching the aeroelastic modes. The prefilter in Eq. (4.16) is mild in the sense

that it will not violate physical limitations or possibly saturate limiters and actuators that lie

downstream. If the filter is not tuned properly, the stability of the inner loops are not compromised

as the prefilter lies outside of these loops. However, stability of the pilot loop closure is dependent

upon the tuning accuracy. Since the augmented mode 1 pole and cliff filter zero locations are

partially dependent on the specified controller parameters, knowledge of their values should be

high, to some extent, allowing accurate tuning. One can even foresee the possibility of a limited,

but cockpit adjustable, stick filter to allow pilots to tailor the compromise between screening of

initial transients in the pitch rate response vs. vertical acceleration response.

Figs. 75-76 show the pitch rate and vertical acceleration responses at the 400 in station for

the design from Section IV-D now including the command shaping prefilter P2(s) in Eq. (4.16)

due to a 1 deg/s nose up command issued at ._2c in Fig. 54. Additionally, Figs. 77-82 show the

responses at several other stations along the vehicle centerline. The effect of the stick filtering is

evident when the new responses (Figs. 75-76) are compared with those given in Figs. 73-74.

Initial transients in the acceleration response have been greatly reduced and may only register as a
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smallannoyancethatdoesnot impactbasicpiloting tasks. In addition,theresponsecharacteristics

illustratedat otherstations(Figs.77-82)will reducepassengerexposureto ride discomfortduring

maneuveringflight. The small amplitudetransientsin the0.5-1.5s regionof theforward station

accelerationresponse(seeFig. 76) canbe reducedevenfurther by adjustingthe low passbreak

point from 30 to 10 1/s. However, sucha modification leadsto large effective time delay.

Analysisof theneweffective1:02characteristicsandtheapparenttime delaydueto theprefilterin

Eq. (4.16)areaddressedin thenext section.
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F. Additional Evaluation of Control Law

In this section, a more in-depth evaluation of the proposed control law from Section IV-A

to IV-E is considered. Basic stability and performance features of the nominal system, as well as

limited stability robustness characteristics, were considered in the previous sections to design the

control system. Here, evaluation of the closed-loop system will concentrate on the following

items:

• Stability Robustness

Isolated Gain And Phase Variations

Simultaneous Gain And Phase Variations

Structural Parameter Variations

Aerodynamic Parameter Variations

• Performance

Flying Qualities Based On Equivalent System

Gust Ride Discomfort

Finally, several comments are given on Ref. 25, which performed an external analysis of a control

law based on an "aggressive" variant of the control system presented here. This reference also

developed a new, alternative control law.
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Stability Robustness

Isolated Gain And Phase Variations

By performing algebraic manipulation, the inner loop architecture in Fig. 54 can be

equivalently expressed in standard notation as shown in Fig. 83 where

K12(s) = K11 (s) Kcf(s) K22(s) (4.17)

K21(s) = 0

Loop transfers obtained by individually breaking the system at the two input signals and the two

output signals indicated in Fig. 83 are

Gol@il(S) = K11G11A l+K12G21A I+K(_ l_2A 1A2

1+K 21G 12A 2+K22G22A 2 (4.18)

Gol@i2(s) = K21G12A2+K22G22A2+I_I_2A 1A?

l+K11GI 1A l+K12G21A 1

K11G11A 1+K21G 12A 2+g:G 1_2 A lAp
Gol@ol(S) =

l+K12G21A ]+K22G22A 2

Gol@o2 (s) = K 12G21A 1+K22G22A 2+K,G ]_2 A 1A 2

I+K11G] 1A l+K2]G12A2

= K 11K22- KI2K2]

Bode plots corresponding to Eq. (4.18) are shown in Figs. 84-87. Additionally, Tab. 17 lists the

gain and phase margins computed at each break point.

Robust.

GMU(0<. 38

GMI(0<. 38

PM (0<.38

GMU. 38<0)<5

GMI. 38<(0<5

,PM 38<(0<5

GMU5<(0

GMI5<(0

PM5<(0

N/A:

Table 17.

Metric Spec.

_4.5

_4.5

_30

a6

_6

_45

_8

_8

_60

(db)

(db)

Isolated Gain And Phase
rl

@ ul @ u2

N/A

N/A 7.67

(deg)

(db)

127.04

18.43

(db)

(deg)

(db)

(db)

(deg)

o0

i

141.60

18.25

70.88

No applicable crossover point exists.

N/A

N/A

N/A

63.08

18.73

N/A

Mar@ins

@ yl

N/A

N/A

N/A
I

N/A

N/A

N/A

18.25

72.30

@ y2

OO

4.51

N/A

N/A

N/A

46.05

16.26

N/A
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In Tab. 17, all margin requirements are satisfied. In general, the margins computed at the

input and output for a given channel reflect similar values indicating the closed-loop system is

"balanced" with respect to robustness. The low frequency gain margins and the high frequency

phase margins for the rigid-body modes are riding the requirement limits, while the aeroelastic gain

margins are well beyond sufficient levels. These characteristics reflect the superior gain/phase

behavior of the vane loop, the pitch loop, and the design strategy to reduce residual structural

vibrations. Note Figs. 84 and 86 are similar in appearance to Fig. 63, and thus reflect the vane

loop characteristics after the lower frequency pitch loop effects are folded into the system. Also

note with K21(s ) = 0, Fig. 87 is identical to Fig. 71.
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Stability Robustness

Simultaneous Gain And Phase Variations

Consider the inner loop architecture in Fig. 83 re-expressed with vector notation in Fig. 88

where

iy l [UlI io 1u - c , p=
Y = Y2 , c- u2c

N=[K1211K12_ l , G=[_1211G_12221 , A=[ A1 0]A2

(4.19)

Fig. 88 also illustrates input and output multiplicative error (Ei(s) and Eo(s)) that is to be

considered, albeit separately. Application of stability robustness theory leads to the following

inequality relationships:

_[i+{ KGA }-1 ] > i_[E i]

1 > _[{I+ (KGA) -1 }E i]

_[I +{I+(KGA) -1 }-IEEi] > 0

I ff[I+{GAK} -1] > ff[Eo]

I 1 > _[Eo{I+ (GAK) -1 }]

I _[I + EEo{I+(GAK) -1}-11 > 0

(4.20a)

(4.20b)

(4.20c)

for0<co<_ and0<E<l

If Eqs. (4.20a) or (4.20b) are satisfied, then stability is maintained in the presence of error. Since

these two relationships are only sufficient, no conclusions can be drawn when they are violated.

However, Eq. (4.20c) is sufficient and necessary for stability robustness. Only Eq. (4.20c) can be

utilized to ascertain precise stability margins.

Gain and phase variations of equal strength in each channel will be represented as

E i = (meJ 0 _ 1)I , E o = (meJ 0 _ 1)I (4.21)

where m denotes a magnitude parameter with m = 1 being nominal, and 0 represents the phase

parameter with 0 = 0 giving the nominal system. The parameters m and 0 are used to determine

the multivariable gain and phase margins for the closed-loop system. Two types of variations are

considered here: 1) piecewise uniform variations (with respect to frequency) reflecting the multi-

loop MIL-F-87242 margin requirements and 2) uniform variations. Type 1 is utilized to establish

compliance with specified design requirements listed in Ref. 2. Type 2 is utilized to determine the

actual gain and phase margins for the system.
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Y2c Y

Figure88. InnerLoopArchitectureExpressedWith VectorNotation

Figs.89-90and93-94showthestabilityrobustnesscharacteristicsatboth input andoutput

locationsagainstthe designrequirementsspecifiedin Ref. 2. Althoughnearlysatisfiedacrossall

frequencies,Eqs. (4.20a) and (4.20b) arenot satisfied. In thesesamefigures, however, the

resultscorrespondingto Eq. (4.20c)arealsoshown. Theseresultsestablishthatthecontrol law

designfrom SectionsIV-A to IV-E meetsall multi-loop gainandphasemarginrequirements.In

these figures, note that characteristicsat the input and output arequite similar. Magnitude

variations indicate that further gain reductionwill likely result in a low frequencyinstability

(observethedc valuesin Figs.89and 93near0.2 correspondingto a realaxispole approaching

theorigin). Therelaxedstabilityairframeandcontrollerform a conditionallystablesystemwhich

requiresaminimumlevel of feedbackgainfor stability, andthis characteristicis reflectedin Figs.

89and93. Also basedon therobustnesscurveshape,further gainamplificationwill likely result

in high frequency aeroelastic instabilities. It can also be seen that phase loss strongly influences

the short period mode (near 1 radls) and further phase loss will destabilize this mode. Phase

advance does not significantly influence the closed-loop stability characteristics.

Figs. 91-92 and 95-96 show the precise multivariable uniform gain and phase margins

existing with this system at both input and output locations. The non-conservative inequality in
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Eq. (4.20c)is utilized to establishthesemargins. The gainandphaseparametersarevarieduntil

theminimumsingularvaluebecomeszero,asseenin thefigures. Theuppergainmarginis 14db

(m = 5.2), while the lower gainmarginis 4.3 db (m = 0.61). Upperphasemargin is 106degand

the lower phasemargin is 44 deg. Thesemarginshold at both the input and output, again

reflecting"balanced"robustnesspropertiesbetweeninput andoutput. Further,thesemarginsand

the correspondingmodesthat aredestabilizedcorrelatestrongly with the single-loop isolated

margins. The numericalvaluesarequite close(4.3 vs.4.5 db, 14vs. 18db, 44 vs.46 deg,and

106vs.70 deg). Thelow-endgainmargincorrespondsto destabilizationof therelaxedstability

mode(0 rad/s),andthehigh-endgainmarginis associatedwith theaeroelasticmode 1(8 rad/s).

The phaseloss margindrives the shortperiodmode unstable(1 rad/s),and the phaseadvance

marginpushesaeroelasticmode1to theright-halfplane(8rad/s).

174



2O

-Ol 0
v

t_
0

-10

_E i (m'-i)'I'where m is "'

4.5/c db for 03< 0.38 r/s

6/c db for 0.3 8 < 03< 5 r/s - /

8/c db for 5 < 03 r/s
with c = 2 0.4

................................. - /-
oleo]

i | i i|1111 | , | ,lllll 1 i t i i i itl | | | iil|ll i i i | i t i

10 "3 10 .2 10"1 10 ° 101 102
Freq. (rad/s)

10

-0 0
"t0
v

-10

_0.5

' ' ' ' '''1 • ' ' ' '''1
' " 1'''1 ' ' ' J'''l

....................... _°°"

_[{I+ (KGA) -1 }Ell

-20 __,, ........ , ........ , ........ ,

10 -3 10 "2 10"1 10° 101
Freq. (rad/s)

0
10-3

g[I+{ I+(KGA) -1 }-leEi] ' /

..1-"

m ,J,l

10 .4 10 .3
, , , , , ii,| i f ' ' ''II , , J , , , 111

10 -2 101 10 °
Freq. (rad/s)

Figure 89. Singular Value Robustness Against

Multi-Loop MIL-F-87242 Gain Requirement At Input

---- + Ei Values
.......... Ei Values

I I i ' ' 'Ill i l i i l i I i

101 02

175



20!

-o10"o
V

6_
0

-10

10 -3

10

-o 0
"o

v

6_

-10

-2O
10 -3

6_

0.5

0
10 -3

+ + tjlll I , + J , , ,,i

_E i ('eJ°'-iii" ........ ' ....... '= where 0 is

30/c deg for o3 < 0.38 r/s /

_45/c deg for 0.38 < co < 5 r/s g[I+{KGA}-I] -
60/c deg for 5 < co r/s ._. h _ /_

_[Ei]
t i i i i i ii I i i i i i i i I I 1 i i i i i ii I i i i i i i I i i i 1 i _

10 -2 10 "1 10 ° 101 10 2
Freq. (rad/s)

, , , , , I'll " ° ' ' '°'1
+ ' ' ' ' '°1 ' ' ° ' ° ''°1

i_[ {I+ (KGA) -1 }E i]

, , . .,ll I I I I LI ''l ¢ l , . ,.ill t . , , ,l,,l s I I . ,,i

10 .2 10 "1 10 ° 101 10 2
Freq. (rad/s)

I_'".-.,.,. ....... ...-+--'_ '" ,.,.,,\ "..+.,............................. / \ '

'4 + Ei Values

l , i ] ¢ ii L I I I ' 'i'l I I I ' 'jIll

10 .2 10 -1 10 °
Freq. (rad/s)

Figure 90. Singular Value Robustness Against

Multi-Loop MIL-F-87242 Phase Requirement At Input

.......... Ei Values
i I i i i i i i [ i [ I i i i I ]

101 02

176



_0.5

f i , ,ll I

E i = (m-l)I

m=5.2
| • i R , ill|

10 .3 10 .2

i , , , 6¢', I J . i _,, I , i , , ,,ll I

g[I+{I+(KGA) -I}

, , , ,,,,I , , L, .... I z ' , , ,,,,Yl ,

10 -1 10 ° 101
Freq. (rad/s)

10 2

5_

0.5

0
10 .3

• ' ° ' '''1 , o , i ,, I , i , i i ,,,|

m=0.61
i z i i , itll

g[I+{I+(KGA)-]_

0 _ ...... i

10 -4 10 -3
, | i i , tJJ|

i i J , ii ,,I i | i ] li,,[ I

10 .2 10 -1 10 ° 101
Freq. (rad/s)

Figure 9 l. Singular Value Robustness Against

Uniform Gain At Input

0 ° • ,, ,f

i t i ,i i

10 2

177



6)
o3

_0.5

0
10 .3

_ _ ..... , ........ , ........ , .... .... , .....

0 = 106 de ,I I I I _ I I l I I I I I I I I I I t I I I I I II I I I I I I I I [ I I I I I I I I

10 .2 10 "1 10 ° 101 10 2
Freq. (rad/s)

1

0.5

0
10 .3

0 = -44 de_
I I I 1'_1 t , I| i- I ' i t II1| I ; I | I I t I| I I I I t t I I I I I I I I I I I

10 -2 10 a 10 ° 101 10 2
Freq. (rad/s)

Figure 92. Singular Value Robustness Against

Uniform Phase At Input

178



20

.o 10"O

6_
¢0

0

-10

1 0 -3

10

.o 0
"0
v

-10

- ii' ........ ' ........ ' 'E o m where m is .... ' ........

4.5/c db for o) < 0.38 r/s g[I+{GAK}-I] A I /
6/c dbfor0.38<(O<5r/s .,, txA ^llJ_,/_

8/c db for5 < o)r/s / k /_J vlA///_ -

with c = 20.4

............. ..... ....._v;___:_'..,._
_[E o]

i I i i I i ] iI i i E i I i I I ] I I i i q ] i iI i I I I I i i i I
I ] i, I

10 .2 10 "1 10 ° 10 f " ' 102
Freq. (rad/s)

* J * " ' ''Jl
i , , o , , _,j , i ° ° °''1 , , , fr

-20 ........ q
10 3 10 .2

............ _o.°. ° ...................................

i t | I i ,,°[ I i i i*,,,[ i i • t , J**l | i i * ,li

10 "1 100 101 102
Freq. (rad/s)

I ' ' ' '''1 ' ' ''''1 ° ' 1'°'1 ' * ' ' ''''1 , , ,,,r

1 -_ ,-"'"--'', r-"V_,,F,_rlln---

g[I+EEo{I+(GAK)-I} -1] / _I__/_._/_

• " jt' v J
/r v:_o.5 /-I ............................ h ,

.f

O/ ' ' ' ' _ IIII

10 .4 10 "3 i__ + Eo Values

.......... Eo Va/ues0 ........ I ........ _ ........ _ ........ I ....... d

10 -3 10 "2 10 "1 10 ° 101 102
Freq. (rad/s)

Figure 93. Singular Value Robustness Against

Multi-Loop MIL-F-87242 Gain Requirement At Output

179



20

-_ 10"O

0

-10

10 -3

.Eo'-- ieJ'O-l')i' where 6 is ..... '

30/c deg for co < 0.38 r/s

_45/c deg for 0.38 < o) < 5 r/s

60/c deg for 5 < co r/s

- with c = 20.4

7 _[Eo ]
l i , 1 1 l*ll i l 1 i llJli * 1 i i I_Lll

10 2 10 °1 10 °
Freq. (rad/s)

o . 1 , i i|l| ! _ 1 • ,li

101 02

10[ , ....... , ........ i ........ 1 ' ' ....... I ........

L_
o ..................................... ...................................

-10

, , ,V.[,\
__270.3 ........ 10'' I 2 ...... i, 10.1 ...... il'O 0 ...... il01 ll0 _

Freq. (rad/s)

6_

0.5

0
10 .3

l ! l-l--_ ,,l I l i llillI I . 0 4'llll 1 _,,l,ll I l 1 l ..

_[I+EEo{I+(GAK) -1 } -- 1 ] _/_ _'_

I J I I11111............ / I k I', ,_4l 11",, ll lllll#

..........
_.,.._, - in l I I Ill I

\ / ,l "I

,. _ ,'\i
'l #

'" +E Val_ _ UCS
• 0

.......... F_.oValues
I I 1 i I i i [I i i 1 i i i i i | l ._ I i a I I I IS

10 2 10 _ 10 °
Freq. (rad/s)

Figure 94. Singular Value Robustness Against

Multi-Loop MIL-F-87242 Phase Requirement At Output

I I I I , 1,11 i i 1 , 1 I tl

101 02

180



_0.5

m
0

0-3

= 5.2
i i , i I ,,,|

10 .2

' ' ' ' I''1 J ' * )',,I t , , . ,,, I , i .,,

g[i+eE ° {I+(GAK)-I }-11'

J
K i n , ,ll| | i , , i I ii ,,

10 -1 10 ° 10 _ 10 2
Freq. (rad/s)

0.5

. , o i *''1

m = 0.61
O i , i i I llll

10 .3 10 .2

° ' ' ' '''| ' ' ' ' '' ''I ' ' ' ' ''''I ' ' ' ' ..,,

a[I+eEo{I+(_

0.2_
0

10 -4 10 .3 I
l l | i i ,,ll i , . i lll|l i i , , i ,,,I l ! i i i , ,.

10 "1 10 ° 101 10 2
Freq. (rad/s)

Figure 95. Singular Value Robustness Against

Uniform Gain At Output

181



0.5

, , ., i i B,,| . , , i _,1 I

[Eo (eJ 0-1)I
[i+8Eo {I+(GAK)-I }-1 ]

0 =106 dpg,

o:
i I f , ,,.I ] i i I I I .il i ! I | _'j.,l

10 -1 100 101
Freq. (rad/s)

| i z , .. ,

02

0.5

0
10 -a

' ' ' '' '''1 ' ...... I ' ' ' .... I ' ' ' ' .... ! ' .......

o=,-4:,
10 -2 10 "1 10 ° 101 102

Freq. (rad/s)

Figure 96. Singular Value Robustness Against

Uniform Phase At Output

182



Stability Robustness

Structural Parameter Variations

Consider the inner loop architecture in Fig. 88 re-expressed such that the internal parameter

structure of G(s) is explicit as shown in Fig. 97. This formulation is governed by

[zYi]=[ MllM12][M21M22j[Y:] (4.22)

z o = Az i

where A represents variations in the system parameters of interest. The variables z i and zo denote

the input and output signals for A, and Mij(s ) represents the corresponding transfer matrices

between y, z i and Yc, Zo- The matrices Mij(s ) are functions of K(s) and internal components of

G(s). Application of stability robustness theory leads to the following inequality relationship:

ff[I - EAM22 ] > 0 (4.23)

for 0_<¢o_<oo and0<e< 1

Eq. (4.23) is sufficient and necessary to maintain stability in the presence of error and can be

utilized to establish precise stability margins.

P s,] [ y_ M(s)

A

Figure 97. Inner Loop Architecture With IntemaI Parameter Variations

Variations in structural damping ratios will be considered initially." Suppose the vehicle-

actuator state space model from Eq. (2.8) is manipulated such that

x=[xl x2] T (4.24)

x 1 = all remaining states x2 = _11 _12 "'"

183



[::]:[al a121Ixll•[B1].A21 A22 x2 B 2

where x 2 represents the generalized coordinate rates _'li for the aeroelastic modes and x 1 represents

all other states. The partition A22 is

- (2_ lCOl-FI_ 1)A 22 = F271

(4.25)

where _i denotes the structural damping ratios and other parameters are defined in Eq. (2.12) or

later in this subsection. The variation in damping will be represented as

A_i = (m- 1)_i (4.26)

where m denotes a scaling parameter with m = 1 being nominal. These variations induce a

perturbation for A22, or

[-2  1o1o ::i]_'22 = 0 - 2A_2032 (4.27)

For the structural damping ratio variations, the matrices M22 and A in Eq. (4.23) are
t l

M22 = {sI - A22- A21(sI- A' 11)-1A'12} -1 (4.28)

A'll = All - BIKC1 A'12 = A 12- B1KC2
v

A21 = A21 - B2KC 1 A22 = A22 -B2KC 2

A =_22

Nominal values for all _i are 0.02 and Tab. 18 lists the nominal values for o_i.

Fig. 98 shows the stability robustness characteristics against structural damping ratio

variations. The nod-conservative inequality in Eq. (4.23) is utilized to establish parameter

margins. The scaling parameter has been varied until the minimum singular value becomes zero.

As expected, the upper parameter margin is essentially unbounded (m = +oo). Fig. 98 shows the

characteristics for m = 10, but this is only an example. Significantly larger values for m yield
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similar results. Variations in this direction push the airframe aeroelastic poles into the left-half

plane away from instability and the singular value in Fig. 98 does not approach zero. The lower

parameter margin is equivalent to a 52% reduction in damping (m = 0.48). As seen from Fig. 98,

this variation pushes aeroelastic mode 4 into the right-half plane (17 rad/s).

Table 18. Nominal Structural Natural Frec_uencies
Mode _i (rad/s) IMode

_i (rad/s) Mode _i (rad/s)

1 7.83 7 24.39 13 56.51

2 12.61 8 29.90 14 60.82

3 16.94 9 36.28 15 62.40

4 17.30 i0 43.55 16 64.24
5

6

19.60

21.05
ii

12

47.30

54.46

17 65.29
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Variations in structural natural frequencies are considered next.

variation, the partitioned vehicle-actuator state space model becomes

x=[xl x2x3] T

x2 =[1] 1 112 ...IT

x 1 = all remaining states

x3 =[1'11Y12 .-. ]T

X1] [All A12A13][xi]R2 = |A21Ae2A231|x2[

*3 [A31 A32 A33J[x3]

x 2
Y = [C1C2C3] x3

I"'l+ B 2 u c

B3

Under this type of

(4.29)

Here, x 2 will denote the generalized coordinate positions for the aeroelastic modes and x 3 denotes

the corresponding rates. Partitions A32 and A33 are of interest here.

A33 =

- (2_ICOl-FI_ 1) FI¢I 2

F2rl 1 - (2_2cff2-F2rl) 2
(4.30)

A32 =

- (O3_-FlI11 ) Fin2

F2rl 1 - (cO_-F2rl 2)

In Eq. (4.30), 0 i denotes the structural natural frequencies.

represented as

Variation in frequency will be

AA32 = I- (2C°lAC°l+AC°_)

Acoi = (m - 1)co i

The corresponding state space parameter variation matrices AA32 and AA33 are

° lo - (2%zx%+Ao )

Finally, the matrices M22 and A become

M2211 M2212 ]

M22 = lM2221.M22221

AA33 = 0 - 2_2Aco 2

M2211 = {sI- A22}-lA23 {sI - A33} -1

i,!

M2221 = {sI- A33} -1

(4.31)

(4.32)

AA33

M2212 = {sI - A';2}-lA"23 {sI - A33} -I

--- "' --1

M2222 {sI - A 33 }
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±

IT! IT IV " 1 W

A22 = A22 +A23{sI-A33 }- A32

tl i ! i ] v

A22=A22 +A21{sI-All} - A12

. ! w i 1 T

A32 = A32 +A31{sI-All} - A12

A'11 =All - B1KC1

A'21 = A21 - B2KC ]

A'3] = A31 - B3KC 1

....... ,, ,,A33 = A33 +A32{sI-A 2}-IA 3

" '2 ' ' 1 'A23=A 3+A21{sI-All} -AI3

.... A'll -1A'13A33 = A33 +A31{sI- }

f

A12 = A12- B1KC2

i

A22 = A22 - B2KC 2

A32 = A32 - B3KC 2

i

A13 = A13-B1KC3

A23 = A23 - B2KC 3

A33 = A33 - B3KC 3

Fig. 99 shows the stability robustness characteristics against structural natural frequency

variations. The scaling parameter m is again varied until the minimum singular value indicates

neutral stability. Results in Fig. 99 show the closed-loop system can tolerate a 50% reduction (m

= 0.5) and a 31% enlargement (m = 1.31) of the frequency values. On the low-end, the aeroelastic

modes cluster in the 4 to 40 rad/s region and all are close to instability (mode 3 initially goes

unstable at 8.6 rad/s). Although not readily apparent from Fig. 99 for m = 0.5, it is interesting to

note the rigid pitch mode is damped further, through coupling effects, under this variation. This

behavior can be inferred from basic root migration rules (i.e., poles repel poles). As the structural

modes migrate in a direction towards the origin under the natural frequency variation, they tend to

push the rigid pitch mode to the left resulting in higher damping values. On the high-end, the

aeroelastic modes are again destabilized, to some extent (small singular value in the 20-90 rad/s

region). However, the initial instability that occurs under this variation is the relaxed stability

mode which migrates back towards the right-half plane (0 rad/s). Recall structural natural

frequencies influence the vehicle transfer functions through the dc term in the denominator

polynomial, which directly influences the generalized Bode magnitude values near 0 rad/s.
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Thefinal structuralvariation to beconsideredis modeshapes.The total variationwill be

decomposedinto two separatevariationsinfluencing1) inputandoutputtermsand2) internalstate

terms.Modeshapevariationsassociatedwith the input andoutputtermsareconsideredfirst. The

vehicle-actuatorstatespacemodel is partitioned similar to Eq. (4.29),but with different state

variableassignments.Here,x2denotesthegeneralizedcoordinaterates,while x3will denotethe

controlsurfacepositions,rates,andaccelerations,or

x2 = [1'11YI2"--]T x3=[Sj 8j _j'"] T

where j = E, V

(4.34)

Partitions A23 and C 2 are functions of the mode shapes with the following structure,

(4.35)

Fisj Fi,j- Fi j
where k = H, V

where _i denotes the structural mode shapes, eSj denotes control effectiveness (3_'36j), and other

parameters are defined in Section II-C. No attempt is made to include dependency on mode shape

through the modal mass terms mi. Nominal mode shape values can be obtained from the data

given in Appendix C. Variation in deflection shape will be represented as

A_ = (m- 1)_ (4.36)

The corresponding state space parameter variation matrices AA23 and AC 2 are

_At_ 1

F25j

F18j

(4.37)

Finally, the matrices M22 and A become

190



M2211 M22121

M22 = IM2221 M2222 ]

,.-- vl --I

M2211 {sI - A'33 }-1A"32{ sI- A22}

M2221 = {sI - A22} -1

i. I1 Iv Iv 1 vl

A22 = A22 + A23{sI - A33 }- A32

lit 1! It II 1 "
B 2 =B 2+A23{SI-A33 }- B 3

vv t v i 1 !

A22= A22 +A21{sI-A]l} - AI2

tv t o I 1 I

A32 = A32 +A31{sI-All} - A]2

.... _IB1B 2=B 2+A21{sI-All}

A'll=All-BIKC ]

A'21 = A21 - B2KC 1

A'3! = A31 - B3KC 1

A'12 = A 12 - B1KC2

A'22 = A22 - B2KC 2

!

A32 = A32 - B3KC 2

A= AA23 0 J0 AC 2

vw 1 ill

M2212 = -{sI-A33 }- B3K

STY 1 vl!

M2222 = -{sI - A22 }- B2K

w! _l t! It 1 vv

A33 = A33 +A32{sI- A22}- A23

ivv t! t_ Ol l l*

B 3 =B 3 +A32{sI-A22 }- B 2

vv p t I 1 u

A23 =A23 +A21{sI-All}- AI3

vv I I t ] I

A33-A33 +A31{sI-All}- A13

.... _IB1B 3 =B 3 +A31{sI-All}

A'13= A13-B1KC 3

A'23 = A23 - B2KC 3

v

A33 = A33 - B3KC 3

(4.38)

Fig. 100 shows the stability robustness characteristics against structural mode shape

variations related to the input and output terms. The scaling parameter m is again varied until the

minimum singular value indicates neutral stability. Results in Fig. 100 show the closed-loop

system can tolerate a 79% reduction (m = 0.21) and a 167% enlargement (m = 2.67) of the shape

values. On the low-end, the relaxed stability mode migrates back to the right-half plane (0 tad/s)

under the parameter variation. On the high-end, this same trend occurs. In addition, aeroelastic

mode 1 moves to the right-half plane (9 tad/s). This aeroelastic instability is the initial instability.

Note the overall magnitude values in Fig. 100 are much smaller when compared to Figs. 98-99. In

Fig. 100, the curves approach a value of 1 at higher frequencies, but in the region of interest, the

values are very small. This feature suggests all modes are destabilized uniformly, in a gross sense.

Vastly different units for AA23 and AC 2 may also be a contributor to this behavior. Scaling for

units was not considered. As a final point, uniform variation of mode shapes theoretically should

have no influence on dynamic characteristics, since deflection shapes are nonunique. The large

parameter margins reflect this observation, however, the implemented variation is an

approximation to exact uniform variations.
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Now consider the second type of mode shape variation associated with internal state terms.

The vehicle-actuator state space model is again partitioned as in Eq. (4.29), but here the state

variable assignments are

[ ]T =/w q¢11 2 (4.39)x 2= 1]1 112 "'" x 3 1) ...IT

In Eq. (4.39), x 2 denotes the generalized coordinate positions and x 3 will denote the downward

speed, pitch rate, and generalized coordinate rates.

shapes with the following structure.

A32 =

Partitions A32 and A33 depend on the mode

Zlq 1 Zrl2

Mq 1 Mrl 2

(c°_-F1 n 1) Fln2

F2nl - (CO_-F2q2)

(4.40)

A33 =

Z w U+Zq Ztl 1 Z¢12

M w Mq M_I M¢12

F1 w Flq -(2_1(°1-F1¢1 l) Fltl 2

F2 w F2q F2¢l 1 -(2_2c°2-F2¢12)

q_e {k_2 sk xk ckct}Zq=_ -_T

q geE gk ek Xk Xk CkL_t}Mq= 2iyyVT {k_-2 g e ek E

= CLtx}

qge2 gk ek Xk _bickoc }Mni= 2IyyVTt -2 g e eT -

Fiq= qSe2 {k__2sk Ck Xk Oickcc }
2miV T _ i_ Ck c

where k = W, H, V

- q ge2 Sk Ck _bi_)jckoc }
Fi_j-2--_-TT {k_-2 S _ e.'-7_"
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The parameter _i again denotes structural mode shapes and other parameters are defined in Section

II-C. As can be seen from Eq. (4.40), functional dependency upon mode shapes is more involved

here. _i does not appear as a simple multiplying factor, as in Eq. (4.35). To approximately

represent the actual variation occurring in the physical system, the parameter structure indicated in

Eq. (4.40) must be utilized. Appendix D develops a least squares solution to estimate the

component lift curve slopes, assuming all other geometric and inertial data is known. Nominal

mode shape values can be obtained from the data given in Appendix C and variations in deflection

shape are modeled as in Eq. (4.36). All generalized mass values mi equal 1 "slinch", as defined in

Ref. 12. The corresponding state space parameter variation matrices z_kA32 and z_tm33 are

AA32 =

AT-nl A7-r12 ..-

Z_VIrl 1 z_Clrl2

AFlrl 1 AFlrl2

AF2rl 1 AF2rl2

._ "°.

azni = -_- { A_i

qg__ee{ZgkekXk 'zXMni= Iyy g c ek A00i ck_ }

qge Sk ek a,i

zXA33 =

0 0 AZ¢I 1 Am.el 2 "--

0 0 AM_I AM_I2

AWl w AWlq AFI_I 1 AFI_I2

AW2w AF2q AF21) 1 ZkF21)2

= else {_ 2 Sk

2 2 ek xt
2I'_yVT g _" ek eAMrl i -

qge2 {_-2 _k ek Xk AM ck }AFiq=2mi--'-_T g _ e k e

(4.41)

! ! I

AFin j _---_qge {k£_ gkg eke (a_i#J+_A_J+a_ia_J)ek C_-a}

AFirlj = 2miVrq_e2 {k__ 2 _ks eke (A+iq'_iA+j+A_Aq_J)ek e cka}

where k = W, H, V

Matrices M22 and k are defined as in Eq. (4.33).

Fig. 101 shows the stability robustness characteristics against structural mode shape

variations related to internal state terms. The scaling parameter m is again varied until the minimum

singular value indicates neutral stability. Results in Fig. 10i show the closed-loop system can

tolerate a 63% reduction (m = 0.37) and a 196% enlargement (m = 2.96) of the shape values. On
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the low-end,the relaxedstability modemigratesback to the right-half plane (0 rad/s)under the

parametervariation. Onthis sameplot, resultsshowthepitchmodeis alsocloseto instability. On

the high-end,this sametrendoccurs. Both therelaxedstability modeandthepitch modemove

towardstheright-half plane(0 and2.3rad/s). Thispitch modeinstability is theinitial instability.

Again,themagnitudevaluesin Fig. 101aremuchsmalleroverall,asin Fig. 100,indicatingnearly

uniformdestabilizationof all modesunderthisuncertaintyvariation.
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Structural Mode Shape - Internal
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Stability Robustness

Aerodynamic Parameter Variations

Two aerodynamic parameter variations are to be considered. The first aerodynamic

variation to be considered is control effectiveness of the elevator and vane. The vehicle-actuator

state space model is partitioned as in Eq. (4.29), with yet again different state variable

assignments. Here, x 2 denotes the downward velocity, pitch rate, and generalized coordinate

rates, while x 3 denotes the control surface positions, rates, and accelerations, or

=[ 2 ..]T [ 8j _j ...ITX2 twqfllfl " x3:18j
(4.42)

where j = E, V

Partition A23 depends on the control surface effectiveness as follows.

Zsj ZSj ZSj "-"

MSj MSj MSj

A23 = F18jF18j FIsj

F2 jF2 j F2 j
: °°o

(4.43)

ZSj = _ _ ckcte8 j Zsj = _ _ C[aE8 j Zsj = _ _ Ckae8 j

q_kXk ,-,k- q_kXk - V:l_kXk

MSj= I--_k'Lct_Sj MSj= iy---_-ckaEsj MSj- iy-----_Ckdsj

FiB j , FiB j , Fig j defined in Eq. (4.35)

where k -- H, V

The parameter eSj denotes control effectiveness (DodOS j), and other parameters are defined in

Section II-C. Nominal effectiveness values are estimated from handbook charts and are eSE = 0.6

and eSv = 1. Variation in effectiveness will be represented as

AESj = (m- 1)ESj
(4.44)

The corresponding state space parameter variation matrix AA23 is
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AA23 =
F18j

As 8
ESj .

F28j

AESjeSj

I Z_;j _

ESJ "M_j AE8
MSJ AeSj
eSj 8j j

F18j F18j

AESj _ AeSjeSj eSj
(4.45)

Finally, the matrices M22 and A become

M22 -{sI A'" '-IA"'
= - 331 32 A=z_lA23

....... -1A"13 + A'32 "2 -1A"2A33 = A33 +A31{sI-All} {sI-A 2} 3
ow v t! ! ww r

A32 = A32{sI - A22} -1 + A31 {sI - A 11}-1A 12{sI - A'22} -1

All=All+A12 {sI-A 2} -1A 1 A13=A13+A12 {sI-A 2} -IA 3

A"22=A'22+ A'21tsI- A'11l-lA'12
i

All =All-B1KC l
r

A21 =A21-B2KC 1
!

A31 = A31-B3KC 1

tw I w v _l I

A23 = A23 + A21{sI-All} A13
f

A12 =A12-BIKC 2
I

A22 = A22 - B2KC 2
I

A32 = A32 -B3KC 2

!

Al3 = A13-B1KC 3
!

A23 = A23 - B2KC 3
w

A33 = A33 - B3KC 3

(4.46)

Fig. 102 shows the stability robustness characteristics against aerodynamic control

effectiveness variations for the elevator and vane. The scaling parameter m is again varied until the

minimum singular value indicates neutral stability. Results in Fig. 102 show the closed-loop

system remains stable for a 50% reduction (m = 0.5) and a 450% enlargement (m = 5.5) of the

effectiveness values. On the low-end, the relaxed stability mode migrates back to the right-half

plane (0 rad/s) under the parameter variation. This trend can be expected since aerodynamic

control effectiveness directly impacts loop gain, and this right-half plane airframe mode requires a

minimum level of gain for stability. Fig. 102 also indicates pitch stability is compromised (1

rad/s). On the high-end, aeroelastic mode 1 moves to the fight-half plane (9.5 rad/s). Variations in

this direction are also critical. The system is known to have stability problems when the pitch loop
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control bandwidth is set at excessivelyhigh values, and Fig. 102 agreeswith this behavior.

Overallsingularvaluelevelsareagainsmallwhencomparedwith Figs.98-99.
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Now considerthesecondtypeof aerodynamicparametervariationassociatedwith lift curve

slopeof thehorizontaltail andvane.Thevehicle-actuatorstatespacemodel ispartitionedasin Eq.

(4.29) with identical state variable assignments as in Eq. (4.39): x 2 denotes the generalized

coordinate positions and x 3 denotes the downward speed, pitch rate, and generalized coordinate

rates. Partitions A32 and A33 are functions of the lift curve slopes as shown in Eq. (4.40) where

ck u denotes the lift curve slopes for the horizontal tail and vane surfaces. Other parameters are

def'med in Section II-C. As in the internal mode shape analysis, functional dependency upon lift

curve slope in Eq. (4.40) is more complex when compared with an overall multiplying factor

structure, as in Eq. (4.35) or (4.43). To represent the variation, the parameter structure indicated

in Eq. (4.40) must be utilized. Appendix D provides an estimate for the nominal component lift

curve slope values: cHcx = CVcc = 2.073 l/tad. Variation in lift curve slope is modeled as

ACkL_ = (m- 1)ck a (4.47)

The correslxmding state space parameter variation matrices AA32 and Am33

Am32 =

A7"ql _r12

z_VI_] 1 AMrl2

AFlnl AFln2

AF2_I AF2zl 2

_33 =

A7, w A7,q A7,_l AZ..q2 ...

_w _q _1 _2

AFlw AFlq AFI_ 1 1'12

Z_tF2w AF2q AF2_ 1 AF2_2

." •.

(4.48)

VISe {k_2 sk xk Ackct }AZq=_ S

qse2 {k__2 Sk ek Xk Xk Ackct }
_q= 2IyyVT S _ e k

qge {X 2 sk

- qSe2 Sk Ck Xk _)i Ackct }
AMrli-2IyyVT {k_-2 S e ek _

AFiq= qsC2 {k__ 2 SR ek xk _biACk(_}
2miVT S _ e k c
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qge.{__ gk c'k ¢i 'Ackcx } = ¢:1ge-2 {k__ 2 gk Ck _i _J ACkLa}
kFirlj=--- _ - g e ek _J A_Finj 2miV T g e eke

where k = H, V

Note perturbations in the control derivative terms due to lift curve slope variations have not been

considered here. Matrices M22 and A are defined as in Eq. (4.33).

Fig. 103 shows the stability robustness characteristics against aerodynamic lift curve slope

variations for the horizontal tail and vane surfaces. The scaling parameter m is again varied until

the minimum singular value indicates neutral stability. Results in Fig. 103 show the closed-loop

system maintains stability over a 98% reduction (m = 0.024) and a 1,100% enlargement (m =

11.99) of the lift curve slope values. On the low-end, the relaxed stability mode migrates back to

the right-half plane (0 rad/s) under the parameter variation. Note the pitch mode is near instability

also (1 rad/s). Horizontal tail lift curve slope contributes directly (through a moment arm) to pitch

damping (Mq) and pitch stiffness (Mw). The low-end variation subtracts from this contribution,

yet the pitch augmentation loop is able to compensate for a significant loss. On the high-end, a

similar trend occurs but the margin is much larger. This variation is in the noncritical direction and

adds to the airframe pitch stiffness and damping characteristics. Further investigation would be

:required to determine the instability mechanism occurring here. Overall magnitude values in Fig.

103 are again small.
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Tab. 19 summarizes the multivariable stability robustness characteristics of the proposed

inner loop control system given in Sections IV-A to IV-E. This table includes modified MIL-F-

87242 criteria, as well as gain and phase margins and parameter margins. The stability robustness

characteristics of the control system appear quite acceptable. Recall single-loop gain and phase

margins were incorporated into the system in a manner which included all significant coupling

effects (with the exception of propulsive-aeroelastic coupling). Further, the design strategy

avoided steps which would introduce heavy reliance upon model fidelity and associated

vulnerability to parameter model uncertainty. A notch filter was utilized in the aeroelastic

suppression loop. However, basic system stability did not rely upon this equalization. If the

notch frequency was not properly matched to the airframe dynamics, stability characteristics revert

back to the inherent features of the collocated vane and rate gyro loop, which is of superior quality

(see Figs. 56-57). Therefore, the adequate multi-loop margins in Tab. 19 are expected, to some

extent.

Table 19. Summar_ Of Multivariable Stability Robustness

Robustness Metric Upper Lower

Mar_in Mar_in

Mod. MIL-F-87242' Gain @ Input _

Mod. MIL-F-87242 Gain @ output _

Mod. MIL-F-87242 Phase @ Input _

Mod. MIL-F-87242 Phase @ Output _

uniform Gain @ Input 14.3 (db) 4.3 (db)

Uniform Gain @ Output 14.3 (db) 4.3 (db)

Uniform Phase @ Input 106 (deg) -44 (deg)

Uniform Phase @ Output
|

Uniform Structural Damping Ratio

Uniform Structural Natural Frequency

Uniform Structural Mode Shape - In & Out

Uniform Structural Mode Shape - Internal

Uniform Aerodynamic Control Effectiveness

106 (deg)

- (%)
31 (%)

167 (%)

196
45O (%)

Uniform Aerodvnamic Lift Curve Slope ii00 (%)

q: Compliance withrequ_ements_isfied.

-44 (deg)

52 (%)

50 (%)
79 (%)

63 (%)

50 (%)
98 (%)
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Performance ....=

Flying Qualities Based On Equivalent System

Flying quality estimates given in Section IV-D are based on numerical data taken directly

from the full order model (excluding the prefilter). For example, full order transfer function root

locations were used to obtain short period natural frequency (_sp) and associated numerator time

constant (1:02) values. The control anticipation metric, in turn, was estimated from these values.

Even though aeroelastic motions and other dynamics are included in the design model, their

influence upon the predicted pilot ratings is not directly and fully accounted for. Since the criteria

do not encompass these effects, the aeroelastic modes and other dynamics (including the prefilter

elements) must be folded into the quasi-conventional airframe transfer function parameters utilized

in the flying quality predictions. Therefore, a refined handling qualities analysis based on

equivalent system concepts is considered next. However, a formal parameter optimization model

fitting procedure is not considered in this analysis. Here, conventional model reduction

techniques 26 will be utilized.

Suppose the overall closed-loop state space system (including P2(s) in Fig. 54) in physical

coordinates is

= Ax + B_2 c

y = Cx + DY2c (4.49)

By performing an eigen decomposition for A, the model in Eq. (4.49) can be transformed to modal

coordinates (x = TX), or

A= T-1AT B= T-1B

C= CT D= D

(4.50)

Consider partitioning the state vector X into three components where X2 represents the two modal

states corresponding to the oscillatory pitch mode. Modes with frequency content below the pitch

mode will be denoted by _ and higher frequency modes are represented by _.
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i

°20o A33
+ .Y2c (4.51)

Truncation of the Xl states and residualization of the _ states leads to the reduced order model

below.

;_r = ArKa" + BrY2c (4.52)

y = Cr_ + DrY2 c

Ar = .,_22 Br=B2

Cr= C 2 Dr= D- C3g_31B3

Recall handling quality predictions given in Section IV-D were based on the 1,850 in

station. This station provided an average assessment of the pitch dynamics by lying near the mid

fuselage point, and allowed direct comparison with Ref. 13 results. In this section, the order

reduction steps listed in Eqs. (4.49)-(4.52) are applied to the q40o/._2c input-output pair. With this

noted change, handling quality predictions will now be based on the resident pitch dynamics

imbedded within the manual control loop. This station difference should be noted when comparing

results in this section to results in Tab. 15.

After applying the above steps, the resulting low order transfer function is

q40o _ - 0.18(s+l.8)(s-4.9) rad/s/rad (4.53)

_2 c - (s+0.62+j 0.97)

This transfer function is proper (not strictly proper) and thus is not in the appropriate low order

form. 1,2 The indicated structure is an inherent consequence of the direct feedthrough matrix

generated by the reduction technique. The higher frequency dynamics have been approximated by

a steady residual effect in the reduced order dynamics. Even though the original feedthrough

matrix is zero (D = D= 0), the reduced feedthrough matrix is nonzero (D r _ 0) due to the residual

term C3A33 -! B3 appearing in Eq. (4.52). This lack of a strictly proper transfer structure in Eq.

(4.52) turns out to be beneficial for estimating an irrational effective time delay parameter from the
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rational polynomial structure. As frequencyincreases,the phaseanglecorrespondingto the

numeratorfactor s-4.9 variesfrom -180 to -270deg,andwill be interpretedaspurephaseloss

(effectivetime delay)resultingfrom thehigherfrequencydynamics. By equatingphaselossat 5

rad/s (the recommendedcutoff frequency for the equivalent system from Ref. 2), and by

preservinggainat0 rad/s,thelow ordermodelin appropriateform is

q400= 0.18x4.9(s+l.8)e -0-16s rad/s/rad (4.54)
._2c (S+0.62+j 0.97)

Fig. 104 shows the frequency response comparison between the high order and low order

models in the 0.1 to 10 rad/s region. The low order model reflects the gross behavior contained in

the high order model and provides an adequate overall match to these characteristics. As expected,

the largest mismatch occurs at the higher frequencies where the low order model structure can not

fully represent the various modes existing in this region. The magnitude response has a bias error

across the entire frequency spectrum, while the phase response has a bias in slope at the higher

frequencies. The payoff value is 89 when computed between the frequencies of 0.5 and 5 rad/s.

The phase response mismatch in the 2-5 rad/s region could be easily removed by increasing the

time delay parameter in Eq. (4.54). Doubling the value of this low order model parameter would

lead to significantly lower payoff values. However, flying quality estimates generated from such a

model, and based on equivalent time delay, would be unfairly skewed towards poor ratings

because other low order model parameters were fixed during this time delay parameter adjustment.

In contrast to a quasi-parameter optimization fit, analysis here will rely upon the physical

mechanisms inherent in the the high order model, and their mapping into the low order model via

the reduction process, to ascertain parameters used to predict handling qualities. These parameters

are precisely those indicated in Eq. (4.54). Fig. 105 shows the inherent accuracy in these

parameters when the low order frequency responses are uniformly scaled across the frequency

spectrum to yield a minimum payoff value (scaling equal to mei0, m = 0.9, 0 = -9 deg). The

payoff value here is 37.
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Tab. 20 summarizesthe predicted flying qualities for the overall closed-loop system

(including the prefilter) based on the low order approximation to the 400 in pitch rate dynamics.

Tab. 20 includes all metrics considered in Tab. 15, as well as equivalent time delay (xe). Short

period frequency and damping meet Level 1 requirements. However, control anticipation only

satisfies the Level 2 requirement and omega-tau falls just short of the Level 2 boundary. Under the

validity of Fig. 105, Tab. 20 indicates equivalent time delay satisfies the Level 2 requirement and is

close to the Level 1 boundary.

Note the effect from the lead-lag prefilter element in Eq. (4.16) on the 1/Xo2 zero in Eq.

(4.54) with respect to the full order model value (1.8 vs. 2 l/s). Elimination of the lower and

higher frequency modes through the order reduction process also influences the low order l/x02

zero location to some extent. This smaller value for 1/'_02 increases the CAP and _sp'l;02 metrics in

Tab. 20 relative to Tab. 15. However, the improvement is not enough to cross the Level 1

boundary. Additional lead behavior in the prefilter can be utilized to address this deficiency with a

tradeoff of distorting the small amplitude transients noted in the acceleration response in Fig. 76.

Another important prefilter effect to note is the relationship between the equivalent time delay in

Tab. 20 and the prefilter low pass break point in Eq. (4.16). As noted in Section IV-E, adjustment

of the break point from 30 to 10 l/s will significantly reduce the acceleration transients in Fig. 76.

However, the equivalent time delay is very sensitive to this prefilter parameter and will more than

double in value under the indicated change.

Under the caveat that criteria in Tab. 20 have not been fully validated for highly flexible

vehicles like HSCT, and that efforts here are to explore feasibility of inner loop control

architectures and provide first-order estimates of associated handling characteristics, Tab. 20

indicates the low-risk, low-gain closed-loop airframe system has Level 2 dynamics. Basic modal

characteristics (C0sp, _sp) are well above adequate values, but other characteristics such as pitch-

flight path response harmony and initial response delay (CAP, x e) are only adequate and may

require objectionable piloting work load over sustained periods. As discussed in Section IV-D, the

feedback gains for this system are kept intentionally low to reduce residual structural vibration
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transients. If a more aggressive posture is considered in the aeroelastic suppression loop and

crossfeed path, or if pilot tolerance to vibrational transients is higher than levels assumed in this

design, then pitch augmentation can be increased further. Basic Evans and Bode features show

that increased pitch augmentation will easily boost CAP to the Level 1 region without

compromising hard stability margin requirements. The concern is how much risk should be taken

in aeroelastic control augmentation, what are the demands on actuation hardware performance,

how applicable are existing flying quality criteria to flexible vehicles, and where do the boundaries

between poor, adequate and good flying qualities actually lie.

Table 20. Estimated Flying Qualities Summary Of 400 in

Closed-Loop Pitch Rate D_namics With Prefilter
Metric

_sp

_sp

CAP

Level 1 Level 2 (unit)

20.7 20.4 (tad/s)

20.35 20.25 (-)

20.16 20.05

21.3 20.75

20.15 _0.23 (s)

(i/ss2)

(-)

Design
1.15

0.54

0.09

0.63

0.16
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Performance

Gust Ride Discomfort

Ride quality associated with the closed-loop airframe system presented in Sections IV-A to

IV-E will be evaluated with the gust ride discomfort index. 2 This integral frequency response

criteria reflects the amount and severity of passenger or crew exposure to vertical acceleration

transients during atmospheric gust excitation. The criteria provides emphasis in critical regions

where biodynamic sensitivity to transients is high. The ride discomfort index (CRD) is computed

as

_RD = KRDCw G

KRD = {JO _RD(_)
dco}

1/2

_,D(a)) = ITRD(O)I 2 IGWzGxs(03)12_'WG(C0)

(s2+4s+42) j0_/(2x)
TRD(S ) = 113.2 (s+2.8)(s+5.75)(s+69.9) ' s =

GWzGxs(S) - az xs(S) , s = jco
wo(s)

_WG (°) _ L lq(1"339-_--_ )2
t

_WG(°) = _w G - _VT { 1+(1.339-_T)2} 11/6

(-)

(1/ft/s)

(S/ft2/s 2)

(l/g)

(gffVs)

(s)

(4.55)

In the above expressions, GWGxs (s) denotes the closed-loop transfer function between vertical

acceleration at fuselage station x s and vertical gust speed w G. The gust velocity power spectral

density @WG (co) is modeled with the yon Karman spectrum and the superscript ..... denotes a

normalized spectrum with respect to gust intensity oWG. TRD(S) represents a biodynamic response

of the human and plays the role of a weighting filter to emphasize critical frequency regions

associated with ride discomfort. The independent frequency variable co should have units of rad/s

in the above equations. Note the index can be scaled with turbulence intensity and KRD denotes

the proportionality value.

Ref. 2 provides some guidance on acceptable values for the ride discomfort index. For a

turbulence intensity of OWG = 3.65 ft/s, the quality of ride is judged acceptable if (_RD < 0.28 for
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exposure periods of 0.5 hr or less and (_RD -< 0.2 for exposure periods between 0.5 and 1.5 hr.

Tab. 21 shows the proportionality constant and ride discomfort index (for cWG = 3.65 if/s)

computed at four representative fuselage stations throughout the vehicle. The estimated ride quality

appears to at adequate levels. Ride quality at three of the four fuselage stations are below the short

duration requirement with only a small violation of the long duration requirement at the 1,850 in

station. Ride of lesser quality at a mid-fuselage station, relative to an extreme fore or aft station,

initially appears counter intuitive. Recall, however, the vane-tail configuration provides high

control leverage at the fore and aft extremities, and indirectly controls mid-fuselage stations

through structural compliance. Even indirect control provides adequate fide quality, in this case.

Fig. 106 shows the frequency distribution, and component distribution, for the argument

9_(o)) of the integral criterion at the 400 in station. The closed-loop airframe trace demonstrates

that, even though aeroelastic resonances are well attenuated in the stick command path, the same

resonances are vulnerable to high bandwidth turbulence excitations. Note the vane loop damping

effect on the 8-20 rad/s modes (rounded peaks), while the higher frequency modes beyond 20

rad/s are still lightly damped (sharp peaks). Note the biodynamic weighting trace can

amplify/deamplify individual modes. Fortunately, the trial gust spectrum (crWG = 3.65 ft/s, L =

2,500 ft) does not have sufficient energy content to strongly excite the structural resonances. With

the aeroelastic region attenuated 30 db relative to the low frequency overall trace, ride quality

performance is influenced primarily by rigid motion characteristics. For other intensity and scale

height combinations, however, the ride quality could degrade due to aeroelastic effects.

Table 21. Estimated Ride Quality Of Closed-Loop Airframe

Fuselage Station (in) KRD (i/ ft/s) _RD (-)

400 0.0525 0.192

1,850 0.0813 0.297

2,500 0.0445 0.162

3,460 0.0468 0.171

_WG = 3.65fffs, L = 2,500 fl
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Comments On Reference 25

Ref. 25 conducted an evaluation of a preliminary controller based on the high gain option

(Eq. (4.11) ) for the aeroelastic suppression loop. The evaluation emphasized robust stability and

performance characteristics based on singular value criteria. The evaluation provided some insight

into the strengths and weaknesses of such a controller and considerable descriptive comments were

given. In addition, a modified controller was considered to circumvent noted weaknesses in the

original controller. Several comments on this evaluation and the modified controller are in order.

Note the recommended control law offered in this report does not rely on this high gain option.

Ref. 25 claims a significant weakness of the preliminary controller is high bandwidth in the

aeroelastic suppression loop and associated requirements for high performance actuation hardware.

From Ref. 25, one reads

"... Second, the aeroelastic suppression loop is a very high-bandwidth loop ... is a

questionable solution as it amplifies noise and will almost certainly lead to actuator

rate saturation ..."

Section IV-B of this report discusses this issue and the risk involved with such a strategy.

Equalization of the type in Eq. (4.11) will, without a doubt, place heavy demands on actuator

performance. Never the less, high bandwidth in this loop may still be necessary to allow sufficient

pitch augmentation bandwidth for Level 1 flying qualities, and to control higher frequency

vibrational motion excited by gusts. If such a loop were implemented, and if the hardware could

not deliver the demanded performance, the loop, in some sense, would tend to revert back to the

collocated static compensation characteristics, which are quite good (see Figs. 56-57). The

recommended control law in this report takes a less aggressive stance in the mode suppression loop

and the consequence is handling qualities do not quite reach Level 1 ratings.

Ref. 25 also claims another significant drawback of the preliminary controller is insufficient

high frequency roll off in the aeroelastic suppression loop and associated stability robustness.

From Ref. 25, one also reads
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"... Third, thereis a morefundamentalproblem with the aeroelasticsuppression

loop. It neverrolls off! Rather,it relieson phase stabilization ... Ultimately, the

loop must roll off and be gain stabilized ..."

This statement suggests the authors of Ref. 25 do not fully appreciate the benefits afforded by the

Wykes structural mode control paradigm. Collocation provides phase stable behavior and lessens

the need for "artificial" controller attenuation. Reliance on "natural" airframe-actuator attenuation

characteristics is satisfactory. Refs. 15 and 27 provide strong supporting evidence. The B-1

SMCS loop utilizes acceleration feedback with a 10/(s+10) roll off filter. However, the purpose of

this filter is to provide approximate integration to achieve a rate signal for damping purposes. Pitch

rate feedback with no roll off filter provides an equivalent system.

Finally, Ref. 25 claims two other drawbacks of the preliminary controller are 1) lack of

angle of attack feedback and associated inability to stabilize the phugoid mode, and 2) insufficient

low frequency gain to provide good stick command tracking. Ref. 25 states

"... First, the pitch augmentation loop uses only pitch-rate feedback for control.

Thus, it cannot stabilize the phugoid mode ... it lacks sufficient gain at low

frequency to ensure good command tracking for stick inputs. It could benefit from

some angle of attack feedback..."

This statement also suggests the authors of Ref. 25 do not fully appreciate the benefits of the

"superaugmented pitch loop". 28,29 At the flight condition under study, the HSCT airframe does

not have a traditional phugoid mode. The aircraft is statically unstable with one stable oscillatory

mode (i.e., the "third oscillatory mode") and two aperiodic modes, one stable the other unstable.

Pitch rate feedback stabilizes the right-half plane pole by driving it into the 1/'_01 zero, the left-half

plane pole is driven into the 1/1:02 zero, and the third oscillatory mode becomes the dominant pitch

mode. All this is achieved without relying upon aerodynamic-based feedbacks which depend on

airdata system calibration and are susceptible to atmospheric disturbances. Ref. 28 provides strong

supporting evidence.
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Ref.25providesamodifiedcontrollerwhosestatedobjectivesareto addressonly mode 1

andattenuateall others.From Ref.25,onereads

"... Onesimplemodificationto theaeroelasticsuppressionloop is to phasestabilize

only the first modeand gain stabilizeremaining modes... It employsa lag-lead

compensator(ratherthanlead-lag)..."

Suchan objective, for the HSCT airframe model in this report, is naive in many respects.

Airframedynamiccharacteristicsindicateneighboringmodes(mode2, 3, 6and7, for example)are

significantcontributorsto the vibrational transients.An inner loop control systemthat doesnot

addresstheseadditionalmodes will most likely have poor characteristics. For example, consider

the 400 in pitch rate response associated with the modified controller in Fig. 3-19, Ref. 25. The

response shows considerable frequency content (15 to 25 rad/s) even after 2 s of motion. These

transients will be even more severe when gust excitations are considered and no feedforward action

is available to counter the gusts. Insertion of lag into the aeroelastic suppression loop spoils

inherent collocated phase behavior. Analysis shows that lag severely restricts the usable gain in

this loop (see Eq. (4.10), Figs. 58-59 and the associated discussion), and in the end mode 1 can

not even be sufficiently damped. Even the controller in this report suffers from such effects

because it does not employ the aggressive, high bandwidth strategy. However, the controller

recommended in this report is of higher bandwidth, and addresses more modes, than the modified

controller offered in Ref. 25.

To summarize, the preliminary controller evaluated by Honeywell staff and reported on in

Ref. 25 is on the aggressive, high risk end of the spectrum. Such a controller utilizes high

bandwidth and high gain, and will require high performance from actuation hardware. The

modified controller offered by Honeywell staff (also in Ref. 25) is on the passive, low risk end of

the spectrum. This controller is low bandwidth and low gain, by nature, and does not tax current

actuation technologies. The recommended control law offered in this report lies between these two

extremes.
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Section V

Forward Vane Sizing Requirements

A. Sizing Strategy Formulation

The inner loop flight control architecture presented in Section IV provides a highly

attractive solution for the HSCT airframe. A most critical step in this development is the

introduction of a secondary control surface. The additional aerodynamic surface facilitates

dedicated control loops focused on structural mode suppression and pitch augmentation, and

allows formidable design constraints to be realistically approached. All analysis and synthesis

results presented in Section IV are based on the specific vane model documented in Section II-C.

This vane model is a "first cut" design based on similarities with other high-speed elastic vehicle

geometries (i.e., B-1 and XB-70). This vane model facilitated rapid entry into closed-loop design

investigations. However, the vane may be undersized, or oversized, based on such a preliminary

model. To address this concern, a vane sizing analysis is provided in this section.

At the most basic level, vane sizing decomposes into specification of the mounting location

along the fuselage and the planform surface area. The airframe mechanics and the functional role

the vane is targeted to fulfill dictate where desirable mounting locations exist. For a freely

constrained elastic body, the characteristic deflection shapes are maximal at body appendage

extremities. For the HSCT fuselage, modal data in Fig. 28 confirms this behavior. Fuselage

stations associated with large mode shape deflections include well forward and well aft stations.

Assuming the primary role of the vane is to provide mode suppression, the mounting location

should be well forward to maximize control leverage, yet should not compromise practical

considerations like pilot visibility and internal volume availability. A mounting location of 400 in

appears to satisfy all these requirements. Therefore, the vane sizing issue boils down to one of

specifying planform surface area.
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Vehicle Control
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Figure 107. Vane Surface Area Upper And Lower Bounds

Upper and lower bounds, arising from natural design constraints, will influence and

ultimately determine the vane surface area requirements. Fig. 107 portrays these bounding

limitations. The forward vane will influence static vehicle performance characteristics in numerous

ways. Range is one important metric that can be used to illustrate these characteristics. To first

order, the Breguet range formula30 for turbofan systems during cruise indicates how aerodynamic,

structural and propulsive characteristics contribute to range R, or

R=VT CL 1
In 1 - _ (5.1)

In Eq. (5.1), CL/C D denotes the vehicle lift to drag ratio, _ denotes the vehicle mass fraction (fuel

mass divided by initial total mass) and c denotes the vehicle thrust specific fuel consumption.

Although the vane will add increments to the overall vehicle lift and drag coefficients, the most

important aerodynamic influence will most likely be disruption of airflow quality over the main

wing. Vortical and downwash impingement on the main wing will degrade the overall lift to drag

ratio. In a similar fashion, the flow quality at the propulsion inlets may deteriorate, resulting in

reduced propulsive efficiency. Finally, the vane and carry through support structure will decrease

the mass fraction. In each case, the range suffers incremental effects, according to Eq. (5.1), and

may threaten the vehicle concept viability. Therefore, an upper bound on the vane surface area
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naturally arises to limit theseperformancedrops. For such an important issue, nonlinear

simulationencompassingall missionflight phaseswouldultimatelybe requiredto obtainaccurate

estimates.Performanceanalysiscalculationslie outsidethescopeof this study.

Controlpower,on theotherhand,ultimatelysetsthe lowerboundon thevanesurfacearea.

Sufficient area is required to maintain vane deflections within acceptable levels during normal and

possibly extreme flight conditions. If the surface area is too small, large vane travel will be

required to generate the necessary control forces for mode suppression. Excessive vane travel can

lead to the presence of nonlinear behavior associated with off-center hydraulic ram positioning and

hard stops, as well as separated flow from the vane leading edge. Additionally, these deflections

can lead to large vane-fuselage wall gaps and associated nonlinear aerodynamic flow phenomena.

Avoidance of operation in these nonlinear regions is highly desirable. If static vehicle performance

is paramount to concept viability, the vane would tend to be sized by the lower bound as shown in

Fig. 107. In this figure, surface area is selected to just satisfy control power requirements with

minimal performance decrements. Estimation of the lower bound is an issue easily addressed in

this analysis.

A closed-loop simulation strategy will be utilized to estimate this lower bound for the vane

surface area. Fig. 108 summarizes this sizing strategy. The closed-loop system described in

Section IV will be excited by various maneuver commands and atmospheric gusts. Vane travel and

rate activity will be recorded during the motion transients resulting from such excitations. From

each vane response, maximal travel and rate values will be extracted. By contrasting these peak

values with design limits on vane travel and vane rate, the lower bound for the vane surface area

can be "reverse engineered" from the data. Balancing the vertical load on the baseline vane model

With a redesigned vane playing the role of the actual hardware provides the mathematical

framework. In Fig. 108, the symbol '.... denotes a variable associated with the redesigned model.

Under the modeling assumption of linear, quasi-static air flow, and assuming the only angle of

attack source is vane control deflection, consider balancing these loads at the peak travel.

q_vCLVct_SV max = F = F'= q'gvCV_Sv max (5.2)
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Solvingfor _v leadsto

i

gV = q CVa 8Vmax gV (5.3)

el' CLaV' 5Vma x

Eq. (5.3) provides the fundamental relationship for backing out the surface area lower

bound given appropriate input data. The redesigned surface area plays the role of the lower bound.

The ratios of dynamic pressure, lift curve slope and peak vane travel, between the baseline model

and the redesigned model, scale the base line area into the redesigned area. Large values for peak

vane travel from the baseline simulation, relative to the travel design limit, indicate insufficient

surface area and would require enlargement to keep vane operations within acceptable regions. On

the other hand, smaller values for this vane travel ratio imply the baseline vane model is grossly

oversized with ample control power and could be reduced to lessen the impacts on static vehicle

performance (see Fig. 107). By taking the derivative of Eq. (5.2) with respect to time, surface

area based on vane rate activity can also be estimated.

' CLVot _iV max

gv =_ v' ' gv (5.4)
CLot 8V max

V'
For all computations in this report, CVot = CLo _ and rt = r:l' are enforced, but if refined analytical

modeling data, or test data, for the lifting or dynamic pressure behavior were to become available,

they could be incorporated into Eq. (5.3)-(5.4).
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B. Closed-Loop Simulation Results

Excitation inputs for the simulation runs consist of both maneuver commands and vertical

atmospheric gusts. These test inputs should exercise vane motion to a sufficient level, and should

represent realistic applications. Three maneuver commands and three atmospheric gusts are

considered. The maneuver command inputs consist of a step, sinusoid and square wave applied at

the stick input Y2c in Fig. 54. For this system, recall stick inputs command pitch rate. The step

input represents a hard nose up or nose down maneuver such as would be executed during go

around or for high angle of attack recovery, while the sinusoid input represents some type of

tracking task. The square wave input is intended to portray an unexpected adverse pilot-aircraft

coupling exchange. The first cycle of this square wave input is a doublet and could also represent

a mid-air collision avoidance maneuver. Atmospheric gust inputs consist of a step, sinusoid and

turbulence applied at the signal w G in Fig. 54. Vertical shear or a periodic thermal updraft are

modeled by the step and sinusoid inputs. Turbulence mimics random local atmospheric motions.

These six test inputs are listed in Eq. (5.5).

._2c(t) = A (step) (5.5)
or

= A sin (cot) (sinusoid)
or

_A for nT< t <(n+l)Tfor (n+l)T< t <(n+l)T n = 0,1,2 .... (square wave)

WG(t) = A (step)
or

= A sin (ox) (sinusoid)
or

= see Eqs. (2.9)-(2.10) (turbulence)

For the deterministic inputs, unit amplitudes (A = 1 deg/s or 1 ft/s) are used in the simulation, but it

should be noted that results can be scaled with input amplitude. The fundamental frequency

content of the periodic deterministic inputs is tuned to match the pitch mode natural frequency (co =

1 rad/s or T = 2rr s). The stochastic input is generated by white noise excitation of the approximate
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von Karmanturbulencemodel describedin SectionI1-A and Appendix C. This filter hasunit

standarddeviationgust amplitude(crWG= 1ft/s) andis drivenby normally distributedrandom

numbersthat haveunit standarddeviation(rn = 1s-I/2). The discretesimulationutilized in this

sizing study can not reproduce continuous time, pure white noise to sufficient accuracy.

Therefore,thevonKarmanfilter amplitudewasadjustedwith amultiplying factorof _ where

dt denotesthe simulation time step(dt = 0.01 s). Appendix E in Ref. 31 providesa concise

descriptionandjustification for this multiplying factor. At themostbasiclevel,simulationoutput

from the yon Karmanfilter with _WG= 1 ft/s andwith _n = 1 s -1/2 does not result in standard

deviation values near 1 ft/s when computed from the raw data, and the extra factor corrects for the

bias value.

Figs. 109-114 show the detail simulation results for each of the six excitation cases. These

figures Show responses for the input, pitch rate and vertical acceleration at 400 in, elevator

deflection and rate, and vane deflection and rate. The peak travel and rate values are indicated on.

the vane response plots. Elevator and other variable responses are included for completeness. If

comparisons are made between peak elevator and vane responses, one should recall the control

architecture form Section IV does not utilize stabilator input.

In each maneuver command case (Figs. 109-111), the vehicle is able to follow the

command and execute the maneuver quite well. Note the pitch rate and acceleration responses in

Fig. 109 are identical to that in Figs. 75-76. As seen from Fig. 11 I, the vane response frequency

content is primarily concentrated at 1 rad/s (command signal and rigid pitch) and 8 rad/s (mode 1),

with small amounts at higher frequency (other structural modes). As expected, the prefilter and

pitch loop attenuate the high frequency content in the excitation signal and very little reaches the

structural modes. Some energy at the lower frequency modes gets through and the vane, through

the crossfeed path and suppression loop, responds to damp the motion. Note the peak vane

motion is coincident with the command signal reversal, rather than during a transient excursion

lagging the command change.
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Thepeakvanetravel for the sinusoid input (5.3 deg) is almost double that for the step input

(3.3 deg). However, when considering peak vane rate, this behavior is reversed, the step input

leads to nearly double rate activity when contrasted with that from the sinusoid input (9.2 vs. 5.1

deg/s). Also, note the square wave peak vane travel and rate values are three and two times larger,

respectively, compared against the step input values (9.3 vs. 3.3 deg and 18.7 vs. 9.2 deg/s). The

square wave command, based on the observed vane motion, appears to be the most severe

command of the three.

Response characteristics due to atmospheric gust inputs (Figs. 112-114) appear both

similar and different to the maneuver command features. Note for a step gust input (Fig. 112), the

control system still maintains pitch rate to the commanded value (zero) in the steady state, and

vertical acceleration steady state is a nonzero constant value. This long term behavior is similar to

characteristics shown in Fig. 109, however, the transient motion lying between the initial and

steady conditions is fundamentally different. The gust excitation impacts the airframe directly and

before the vane damping loop has an opportunity to counter the input. The vehicle motion and

vane responses show significantly more high frequency activity than in Figs. 109-111. The only

vibratory disturbance rejection capability the control architecture of Fig. 54 offers is damping of the

structural modes once they are excited. Note the vibrations are significantly damped after

approximately 2 s, regardless of this "indirect" approach. Exotic disturbance rejection schemes

making use of forward looking laser-based sensors32 would provide alternative approaches.

For a unit amplitude, the sinusoid gust appears to have the most benign vane response of

the three cases. Assuming peak values for the stochastic gust are interpreted as "three sigma"

values, the step and turbulence gust inputs lead to similar peak vane activity (0.43 vs. 0.45 deg and

12.1 vs. 9.9 deg/s). The step and turbulence inputs appear to be the most severe, based on

resulting vane motion. Also in Figs. 112-114, the peak vane activity tends to occur during a

transient following the initial disturbance initiation. This behavior is fundamentally different when

compared to the behavior with command maneuver inputs, and is due to the indirect disturbance

rejection control scheme discussed above. The structural vibrations lead the initial control action.
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C. Discussion of Sizing Results

Tab. 22 summarizes the peak vane activity for all six test cases, and the surface area lower

bound necessary to keep vane motion within design limits. These lower bounds are computed
t

from Eqs. (5.3)-(5.4) with travel and rate design limit values of _5v max = 20 deg and 8 v max =

100 deg/s. Recall these numbers represent the operational range the vane is to be maintained

within, not the absolute travel and rate limits which may be substantially higher. The calculations

in Tab. 22 are based on a nominal surface area of 177.5 ft 2. For example, consider the lower

bound calculation for the square wave excitation due to travel activity.

, 9.3 deg) (177.5 ft 2) (5.6)
gV = (1)(1) ( 2-Odeg

=83 ft 2

Table 22. Vane sizin_ Results For Unit Excitations

Excitation Case

Man. Command - Step

Man. Command"- Sinusoid

Man. Command - S_. Wave

Atmos. Gust - Step

Atmos. Gust - Sinusoid

_V max

(deg)

3.3

5.3
9.3

ii

0.43

0.ii

8V max

(deg/s)

9.2

5.1

18.7

12.1

0.44

Atmos. Gust - Turbulence 0.45 9.9
v v

SV = 177.5 ft 2 , _iV rnax = 20 deg, 8Vmax = 100 deg/s

1

gv for 8v max
(ft 2 )

I

29

47

83

4

1

4

v

gv for 8 v max
(ft 2 )

16

33

21

1

iS

From the data in Tab. 22, and based on "unit" excitations for all test cases, the largest

required surface area to keep the vane within the design envelope is 83 ft 2. The associated motion

and excitation type are vane travel and square wave maneuver command. This particular case

dominates the lower bound estimation. Comparison of the lower bound and baseline value sizing

results (83 vs. 177.5 ft 2) suggests the baseline vane model is oversized by a factor of 2.1 and

could be reduced in size.

The lower bound data presented in Tab. 22 is somewhat abstract since it is based on "unit"

excitations, and has not been calibrated to specific aggressive maneuvers or high gusts. To
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calibratetheloadingfor themaneuvercases,considerthepitch accelerationrequirementsgivenin

Ref. 2. Pitchaccelerationrequirementsfor goaroundandhighangleof attack recovery can both

be satisfied by a value of 4 deg/s 2. Using the initial slope of the pitch rate step command response

(0.67 deg/s2), the input amplitude should be scaled by a factor of 6 in order to obtain an initial

pitch acceleration of 4 deg/s 2. This scaling of 6 is applied uniformly to all maneuver command

input amplitudes. Now to calibrate the gust cases. Vertical drafts associated with moderate

weather events can reach standard deviation values of 3 to 4 ft/s, which corresponds to gust levels

considered for the ride discomfort index calculations in Section IV-F. Therefore, gust step and

sinusoid amplitudes are scaled by a factor of 3x3.5 and the turbulence standard deviation is scaled

by a factor of 3.5. These calibrations lead to significant airframe loading, but not the rare high load

case which occurs once in the airframe life cycle.

Tab. 23 summarizes the peak vane activity under the calibrated excitations and the

corresponding lower bounds on surface area to keep vane motions within acceptable design limits.

The values in Tab. 23 are obtained from the data in Tab. 22 by the scaling values just prescribed.

From Tab. 23, the lower bound on surface area is 495 ft 2. Note the square wave command

excitation is the critical loading case. This case leads to high vane travel and sets the lower bound

on surface area. Also note vertical wind shear (gust step) has a significant impact on vane rate

activity, even though it is not the most severe loading case. The results from this study indicate the

baseline vane is most likely oversized for common maneuver and gust inputs. However, for large

command and gust inputs, the baseline vane surface area will likely result in excursions outside the

travel and rate design boundaries, but only for brief periods of time as indicated by Figs. 111-112.

This conclusion is drawn under the specified actuation design limits of 20 deg and 100 deg/s, and

the validity of the closed-loop simulation sizing strategy. With the data given in this section,

readers can scale the inputs to additional cases and determine the vane excursions and necessary

planform area and/or vane motion design limits.
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Tabie 23. Vane Sizin@ Results For Calibrated Excitations
,,,i I ii

Excitation Case

Man. Command - Step

Man. Command - Sinusoid

Man. Command

Atmos. Gust

Atmos. Gust

Atmos. Gust

- S_.,Wave

- Step .
- Sinusoid

- Turbulence

_V max

(deg)

19.8

31.8

55.8

4.5

1.2

1.6

_V max

(deg/s)

55.2

30.6

112.2

127.1

4.6

34.7

f

gv for8v max

(ft 2)

176

282

495

40

ii

14

I

gV for 8 v max

!ft 2)

98

54

199

226

8

62

gv= 177.5 ft 2, 5Vmax = 20 deg, _Vmax = 100 deg/s,
Scale factor of 6 (all man. com.), 10.5 (atm. gust - step & sinusoid), and 3.5 (atm. gust - turb.)

Due to the observed large vane travel in the square wave command case, one additional

sizing study was considered. This study addressed the sensitivity of peak vane travel to crossfeed

gain kcf in Eq. (4.13). Reconsider the unit square wave command results in Fig. 111 and Tab. 22.

These results correspond to a gain value of kcf = -0.25 rad/s/rad. Fig. 115 shows the response

behavior when this gain is zeroed out (kcf = 0 rad/s/rad). In this case, note the peak vane travel is

5.4 deg. When compared with the nominal crossfeed gain case, this new vane travel is

considerably less (5.4 vs. 9.3 deg) indicating high sensitivity. The vane motion is nearly halved

when the crossfeed path is deleted from the control architecture. However, note the initial 400 in

pitch rate response behavior. Initial response reversal is present in the crew station motions and is

unacceptable. Thus, a significant trade may exist when sizing the vane and tuning the crossfeed

gain: for crew station flying qualities, ample use of crossfeed gain and vane area will eliminate

response reversal, while for static vehicle performance, small utilization of crossfeed gain and

surface area will lessen main wing/inlet flow impingement effects.
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Section VI

Conclusions and Recommendations

One major conclusion drawn from the contract activities is that control architectures based

on aft tail only are not well suited for highly flexible, high-speed vehicles such as the HSCT. This

conclusion was formulated in Ref. 13, and further analysis in this report supports this important

conclusion. The studies performed in Ref. 13 were based on an early dynamic model of the Ref.

H HSCT. Analysis here has shown the early model provides an accurate representation of

airframe characteristics exhibited in more recently generated models containing refined data. If the

single-loop control studies were revisited with the newer models, results would not significantly

change. Therefore, the model correlation findings provide further support and justification for this

claim of architectural infeasiblity. Additional control studies discussed below also provide

additional support for this conclusion. The implication from this conclusion is that configuration

redesign, possibly addressing control surface alternatives or additional structural stiffening,

appears necessary to relax unrealistic and unachievable control design constraints.

Another conclusion that can be formulated from the contract findings concerns the

theoretical underpinnings of the original Wykes structural mode control logic utilizing feedback

signal differencing schemes. This control logic is based on several assumptions concerning the

vehicle dynamic characteristics, and if not satisfied, the control logic can break down leading to

mode destabilization. These assumptions include vehicle characteristics that lie below upper limits

on structural deflections associated with higher frequency modes and aerodynamic coupling

phenomena between these modes, so as not to distort collocated transfer function pole-zero

distribution patterns along the imaginary axis. The Ref. H HSCT predicted airframe characteristics

violate these basic assumptions. The airframe is modally dense with many significant modes

involving the main wing and aft tail surfaces. Further, the dynamic airflow that is present over

these surfaces introduces considerable aerodynamic-structural coupling mechanisms between these
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modes. Application of the Wykes logic to theHSCT model resultedin destabilizationsdueto

violation of thefundamentalassumptions.Thesenewresultsalsostronglysupporttheconclusion

drawnaboveconcerningaft tail only controlarchitectures.In spiteof this conclusion,asimplified

Wykescontroller,basedon anondifferencedfeedbacksignalandappropriatelylocatedalongthe

fuselage,providedafeasiblemodestabilizationloopthatis discussedbelow.

Themain conclusionarisingoutof thecontractualefforts concernsthedevelopmentof a

two-loopcontrolarchitecturethatutilizessmallforwardvaneswith theaft tail. This multivariable

architectureprovides a highly attractiveand feasiblesolution to the longitudinal axis control

challenges.Pitchaugmentationandaeroelasticsuppressioncanbesignificantlyandharmoniously

leveragedwith a low order,adjustableandimplementablearchitecture.Dependingon theseverity

of airframedynamiccharacteristics,theavailableactuationtechnology,thedesignmodel fidelity,

and the aggressivenessof thecontrol augmentation,the vane-tail architecturecanprovide high

levels of stability and performance,robustness,and flying/ride qualities. For theRef. H HSCT

model,andundera conservativedesignposture,a candidatedesignis given andis predictedto

possesshigh levelsof stabilitywith Level2 flying qualities.Level 1flying qualifiesappearwithin

reach,possiblyby tradingexcessstabilitymarginsfor improvedflying qualities(if only theflying

qualityboundariesweredefined),or by possiblytakingmorerisk in themodesuppressioncontrol

pathsl Theimportanceof this finding is that manyof thecritical flight dynamicsissuesresulting

from conceptviability designconstraints,suchasaeroelasticcontaminationof responsesdueto

minimizationof structuralweight for expandedrange/payloadandassociatedeconomicprofit, can

berealisticallyaddressedwith a"minor"configurationredesignthatincorporatesforwardvanes.

A final conclusion is that thebaselinevanemodel utilized in this report is most likely

oversized.Thebaselinesurfacearea,undernormalloadingconditionsassociatedwith command

maneuveringor atmosphericgusts,leadsto low travelandrateactivity, relativeto specifieddesign

limits. Suchbehaviorimpliesthevaneis oversizedandcouldbe reducedin surfaceareauntil the

design limits_are more closely approached. The implication here is that under most flight

conditions,availablevaneleveragewouldbemaximized.However,for largeexcitationsthatoccur
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infrequently,thebaselinevanemodelwouldmostlikely violatethedesigntravelandratelimits. In

thesesituations,availablevaneleveragewouldbesuboptimalfor shortdurationperiods,andthe

modesuppressionfunctionwouldsufferaccordingly.

Recommendationsfor futureactivitieswhicharemostcritical for developmentof workable

inner loopflight controlsystemsfor large,high-speed,highly flexiblevehiclesarelistedbelow.

1. Integrationof inner andouter loop systemsthat aredesignedindependentlyandpossibly

underdifferent assumptions.Considerableeffortshavealreadyfocusedonboth inner and

outer loop systems(pitch rate vs. gammadot/speedcommand),but under significantly

different assumptions (dynamic vs. static aeroelastic) and with little coordination.

2. Creation of a flying and ride qualities data base, applicable to flight vehicles exhibiting

significant structural vibration motions, through moving-base piloted simulation test

programs. Currently there are little, if any, guidelines and requirements for flight control

design of such vehicles.

3. Assessment of the upper limits of stability and performance that can be achieved with

contemporary-based multivariable flight control design strategies. Such techniques provide

powerful tools for addressing such questions, and would offer alternative architectures to the

conventional-based multi-loop system recommended in this report.

4. Investigation of inner loop flight control systems for the lateral-directional axes. Very little

attention has been given to this important problem which may provide even more challenging

constraints, in some sense, when compared with the longitudinal characteristics.
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Appendix A

Statement of Work for NAS1-19858-93

Multivariable Techniques for I-ISR Flight Control Systems

Technical Objective:

The High-Speed Civil Transport (HSCT) is projected to have a pitch divergence due to the

relaxation of static stability at subsonic speeds. Further, significant interaction between rigid-body
and aeroelastic degrees of freedom is expected. Objectives of the inner most loops of the flight
control system (FCS) for HSCT will be to artificially supply the stability inherently lacking in the
airframe, augment the key responses with crisp, well damped behavior, and to suppress, or lessen,
aeroelastic motions in the rigid-body responses. Attainment of these multiple, conflicting closed-
loop objectives inherently requires a dexterous FCS architecture, which can sense key motions and
apply critical forces/moments simultaneously at multiple points distributed throughout the vehicle.

Here, the objectives are three fold: 1) to investigate contemporary multivariable design techniques
for meeting the closed-loop objectives and to assess the "theoretically achievable" upper limits of
stability/performance, 2) to explore the control benefits derived from an additional, small, forward
aerodynamic control surface applicable to preliminary HSCT concepts, and 3) to establish

requirements for levels of controllability of rigid and elastic responses that can be used to guide
configuration design. This task shall be coordinated with the HSR Flight Controls Task (Task 7
on NAS 1-20220), specifically, the subtask entitled "Ref. H Assessment", and is a follow on task
to Contract NAS 1-19858, Task 71 and NASA-ASEE activities during 1996.

Background & Approach:

Previous analysis of conventional-based single-loop FCS for HSCT class vehicles indicate several
hard conflicting constraints. Results indicate these single-loop FCS architectures do not allow

sufficient design freedoms to overcome the constraints. The extreme level of flexibility, and the
necessary stability augmentation bandwidth, seen in current HSCT models, points to the need for
maximum capability and effectiveness from the FCS. The first task is to explore the potential of
contemporary-based multi-loop FCS, such as those designed with LQ and H_ theory, for meeting
the numerous closed-loop objectives. An initial activity will focus on revisiting the single-loop
FCS architectures using contemporary-based design schemes to determine the upper limits of

stability and performance that can be "achieved" with these powerful techniques. An important
outcome of this phase will be to define minimum levels of control power that needs to exist for the
rigid and elastic modes that are in the pilot and FCS bandwidth. Controller implementation and
realizability issues will be given less emphasis in this phase. If stability and performance
characteristics, and specific design strategies, look promising, these issues will be given more

emphasis. The follow on activity addresses true multi-loop FCS. Conventional-based multi-loop
FCS architectures do not typically exploit the full capabilities offered by cross channels and higher
order filtering. The follow on thrust will utilize the contemporary-based design techniques with
multiple feedback paths. Initially, the studies will consider only existing HSCT surfaces (elevator

and wing trailing edge flaps). Follow on activities will consider the forward vane control input
from objective 2. Practical considerations for FCS implementation will also be addressed. This

task will support further assessment of the baseline configuration, as well as provide feasibility
recommendations for FCS development.

The second task concerns the inner loop control power and controllability benefits afforded by a
small, forward aerodynamic control surface. In previous preliminary multi-loop FCS studies,
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existing HSCT wing trailing edgedeviceswere consideredas potential secondarysurfacesto
performtheaeroelasticsuppressionrole. Resultsimplied thesesurfacesarenot favorablylocated
throughoutthevehicle for this role. Feedbackloopsusingthesesurfaceswerecharacterizedby
low dampingaugmentationsensitivityandsimultaneousdestabilizationof elevatordrivenfeedback
loops. A forward control surfacewould appearto overcomethesedeficienciesand offer an
attractiveforce/momentgeneratorfor aeroelasticsuppressionwhich works in harmonywith the
rigid pitchcontrolloops. Inclusionof suchcapabilityin existingHSCTmodelsis to betheinitial
activity. A linear "componentbuild-up" modelingprocedurewill beusedto expandthesuiteof
HSCTcontrol surfaceswith a small,forwardvane. Additional higherfidelity modelssuppliedby
the contracting agencycanalso be considered. Previousmulti-loop FCS milestoneswill be
revisited here using the forward vane. The new surfacecharacteristics will require some
modificationandtuningof the earlierdesign. Analysisof merits and/ordeficienciesof thenew
FCSwhichutilizestheforwardsurface,relativeto thebaselinearchitecture,will beaddressed.

Quantifyingthemeritsand/ordeficienciesof innerloop FCSstrategieswill bean integralpartof
theabovetasks. Metrics shouldaddress,whereavailableand appropriate,closed-loopfeatures
suchas augmenteddamping increments,bandwidth requirements,controllability, robustness
levels,modalfrequencyseparations,andhandling/ridequalities.

HSCTflight control designactivities facehardconstraintsandchallenginghurdles. Conclusions
anddatafrom this studymay providevaluableinsight for future planning anddecisionmaking
pertainingto HSCTconfigurationandFCSarchitecturedevelopmentanddefinition.

Deliverables:
• Preliminary feasibility assessment and preliminary recommendation of selected

inner loop FCS architectures presented in an oral briefing at the Aero
Performance workshop. To include electronic and paper copies of vugraphs
with written commentary in facing page text format. Boundaries and format
shall be suitable for inclusion in a NASA CDCP. Feb, 1997

Feasibility assessment and final recommendation of selected inner loop FCS
architectures presented in an oral briefing. To include electronic and paper

copies of vugraphs with written commentary in facing page text format. Fall, 1997

Final report to include documentation of final results and findings in an HSR
controlled distribution report suitable for submittal to HSR via the "salmon
colored" report tracking card. Shall conform to NASA margin requirements and
shall include all HSR-dictated data restriction notices in the margins and on the

cover sheet as specified by the HSRPO. Sept, 1997

• Software used to perform analysis. Shall include documentation and preliminary
user's guide. Software shall be well commented and legible. Sept, 1997
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Appendix B

M = 0.24 /h = 500 ft Cycle 3.1a Model

This appendix describes the NASA Langley M = 0.24, h = 500 ft model generated from the

Ref. H Cycle 3.1a Simulation. All variables are expressed with feet, second, and radian units.

Airframe states, inputs, and outputs are listed below.

x= u w q e ql ... _17 TI1 ... TI17

u=[rS 5E 8TEl _STE2 _TE3 _TE4] T

Y= q358 q1900 q2115 q2152 q2200 az358 az1900 az 2115 az 2152 az 2200

Actuator model data corresponding to Eq. (2.6) is tabulated below.

Actuator Data

6S

8E

_'FE 1

81_:2

8TE3

P
19.

22.

20.

21.

23.

24.

190.

220.

200.

210.

230.

240.

0.7071

0.7071

0.7071

0.7071

0.7071

0.7071

Note for this model, a single actuator drives left and right symmetric control surfaces. State space

matrices listed below are defined in Eqs. (2.1)-(2.8).

a _

Columns 1 through 6

-5.1879e-03

-1.2392e-01

-2.7399e-04

4.6810e-08

-6.7396e+00

-5.8658e+00

-1.3879e+01

4.4919e+00

-4.7396e+00

-8.2358e+00

4.9041e-02

-6.1512e-01

1.4236e-03

9.9134e-09

-8.5449e+01

-6.3168e+01

-i.1664e+02

3.7536e+01

-4.5350e+01

-8.5827e+01

-5.3845e+01

2.4483e+02

-3.4273e-01

l. O000e+O0

-7.3969e+02

3.7882e+02

-2.8992e+03

9.5729e+02

-9.6149e+02

-2.2147e+03

-3.1473e+01

-6.6932e+00

-6.5882e-05

-4.8531e-20

-i.0235e+01

-5.2713e+01

-1.7084e+01

5.6363e+00

-i.0236e+01

-7.2326e+00

-7.3748e-08

-6.3126e-05

2.6650e-05

0

-6.8438e-01

-2.8055e-01

-2.1866e-01

6.9540e-02

-l.l141e-Ol

-1.8269e-01

-1.4362e-06

-2.2454e-03

-1.4373e-05

0

-5.1329e-01

-1.3981e+00

-8.5742e-01

3.0064e-01

-4.2691e-01

-5.9318e-01
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4.8477e+00 4.5055e+01

6.7105e+00 2.3328e+01

-5.3292e+00 -4.3055e+01

-1.7517e+01 -1.5014e+02

2.8687e+00 4.3925e+01

2.9667e+00 8.2903e-01

-5.7743e+00 -6.9538e+01

-5.7245e+00 -4.8797e+01

-1.3851e+00 -1.2568e+01

2.1660e+01 2.0057e+02

-9.9121e+00 -9.2634e+01

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

Columns 7 through 12

-6.3087e-07 2.1947e-07

-i.0081e-03 3.5191e-04

-1.7738e-05 6.8013e-06

0 0

1.0912e-01 -4 2706e-02

-i.0997e+00 4 0891e'01

-1.8219e+00 5 2861e-01

5.2165e-01 -5 3355e-01

-4.8180e-01 1 7147e-01

-2.7055e-01 8 4840e-02

-2.0969e-01 8 1333e-02

1.6236e-01 -5 5842e-02

-1.2225e-01 3 3900e-02

-3.9701e-01 1 2300e-01

7.7142e-02 -2 0497e-02

2.4546e-01 -9 2538e-02

-1.2308e-01 2 3702e-02

-2.1208e-01 7 4208e-02

-1.5904e-01 6.9033e-02

6.3971e-01 -1.4907e-01

-2.9000e-01 7.6515e-02

0 0

0 0

l. O000e+O0 0

0 l.O000e+O0

0 0

0 0

1

1

-3

-7

-5

6

3

-i

-6

1

-4

9692e+03

2099e+03

4407e+02

2950e+03

9408e+03

8433e+03

1890e+03

4557e+03

4716e+02

0905e+03

0068e+02

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

-i

-4

-5

1

-6

-2

-4

-3

-2.8381e-07

-4.3876e-04

-2.3548e-07

0

7168e-01

5736e-01

3115e-01

8787e-01

i136e-01

2359e-01

2888e-02

3044e-02

-6 5546e-03

-4 3495e-03

9 8876e-02

-9 7460e-02

-i 3534e-01

-5.8902e-02

-3.2910e-02

2.8254e-01

-1.5023e-01

0

0

0

0

l. O000e+O0

0

-i 5460e+01

-i 4193e+01

-2 8692e+01

2 5440e+01

7 8603e+01

-6 8444e+01

-6 1505e+01

-i 8279e+00

2 7059e+00

7 8038e+0!

-3 5168e+01

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

-2.6272e-07

-3.6579e-04

2.0970e-05

0

-6.2455e-01

-2.7301e-01

-4.2912e-01

1.4259e-01

-2.4670e-01

-9.1456e-01

9.2931e-02

-1.7745e-01

4.8347e-02

9.9109e-02

3.6531e-01

-5.9113e-01

-5.0847e-01

-7.4370e-02

i.1864e-01

1.1220e+00

-5.1765e-01

0

0

0

0

0

l.O000e+O0

1.1275e-02

-9.3301e-02

-1.9237e-01

1.1610e-Ol

6.6305e-01

-6.9227e-01

-5.5808e-01

-7.5882e-02

-2.3527e-02

5.6476e-01

-2.7874e-01

1.0000e+O0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

-1.6196e-07

-2.8437e-04

-1.7971e-05

0

2.9928e-01

-1.8248e-01

-4.5049e-03

1.2079e-02

-3 0613e-02

4 4335e-02

-6 7741e-01

-8 6549e-02

2 4581e-02

4 6047e-02

-4 3620e-01

5 5494e-01

3 9567e-01

1 0238e-01

-i 6220e-02

-5 7728e-01

3 1876e-01

0

0

0

0

0

0

9°

-7.

-3.

-4.

2.

--1.

--3°

--1.

--2.

2.

--2.

.

I °

2.

7.

-I.

--9.

7.

--2.

--1.

--8.

3.

--3.

3.

3.

7

-I

-5

2

-4

1

-i

6849e-02

1722e-02

7728e-01

8478e-01

9424e-01

7312e-02

0265e-01

8365e-01

4543e-01

8281e-01

3326e-01

0

O000e+O0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

3080e-06

1571e-03

1933e-05

0

5674e+00

6948e-01

9697e-01

7099e-01

8767e-01

5196e-01

0621e-02

7242e+00

3020e-01

6153e-01

4711e-01

0078e+00

9762e-01

2076e-02

3428e-03

i058e-01

9565e-01

0

0

0

0

0

0
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0 0 0

0 0 0
0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

Columns 13 through 18

0 l. O000e+O0 0

0 0 l. O000e+O0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

-1.4373e-06 -4.8561e-07 1.1202e-06 5.1881e-08 -5.7428e-07 -2.2825e-07

-2.2526e-03 -6.7780e-04 1.7812e-03 2.6727e-05 -9.0559e-04 -3.3555e-04

-1.7208e-05 3.7888e-05 2.6910e-05 -2.8044e-05 -9.7964e-06 8.9037e-06

0 0 0 0 0 0

1.0579e-01 -9.7756e-01 -3.7932e-01 8.3187e-01 2.5402e-01 -2.5979e-01

5.7349e-01 2.3046e-01 -5.9928e-01 4.3231e-01 6.7507e-01 4.2294e-02

-1.8392e-02 7.6462e-01 -2.0149e-01 -2.8609e-01 1.1816e-02 4.3719e-01

-1.7148e-02 -3.1385e-01 9.6629e-02 1.0135e-01 -2.6500e-02 -1.7164e-01

4.4762e-02 9.1077e-02 -2.1064e-01 1.6865e-01 1.1220e-01 1.3627e-01

-2.3344e-01 -6.9034e-01 -1.6654e-01 6.5012e-01 2.9435e-02 -5.8678e-02

4.9570e-01 5.2710e-01 -2.6899e-01 -1.2434e-01 2.2574e-01 1.6603e-01

1.5877e+00 -1.6502e+00 -1.7014e+00 1.9033e+00 1.3347e+00 -5.3067e-01

-1.4832e+00 -2.3853e-01 1.1583e+00 -2.8168e-01 -5.7538e-01 -2.2432e-01

-4.4625e-01 -2.7138e+00 5.2634e-01 4.9665e-01 -7.5493e-02 -i.0332e+00

7.8448e-02 5.8058e-01 -1.5224e+00 4.2870e-01 3.8731e-01 4.3364e-01

-2.1326e-01 -1.9958e-01 -I.0972e-02 -1.6652e+00 -6.6994e-01 4.8222e-01

-4.2231e-01 -8.6087e-01 4.5571e-01 -2.7499e-01 -2.0326e+00 9.7381e-02

-6.8786e-02 -4.7467e-01 1.0078e-02 1.8859e-01 3.0265e-01 -1.8235e+00

1.0763e-01 -I.0772e-02 1.0216e-01 -1.7664e-01 2.8672e-01 -3.2438e-01

1.3100e+00 2.5447e+00 -8.4031e-01 -6.5124e-01 1.7316e+00 4.4286e-01

-5.3041e-01 -i.1541e+00 2.5930e-01 3.4116e-01 -4.4146e-01 -4.2049e-01

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

1.0000e+00 0 0 0 0 0

0 l. O000e+O0 0 0 0 0

0 0 1.0000e+00 0 0 0

0 0 0 l. O000e+O0 0 0

0 0 0 0 l. O000e+O0 0

0 0 0 0 0 l. O000e+O0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

Columns 19 through 24

-6.2233e-07 3.4617e-07 -1.2341e-07 6.3126e-06 -1.8776e-05 -8.1353e-06

-9.8174e-04 4.3410e-04 -1.5184e-04 9.7991e-03 -2.9041e-02 -1.2651e-02

-I.0818e-05 -5.2768e-05 2.0346e-05 2.6204e-05 -2.2952e-05 -4.5754e-05
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0 0 0 0

-2.4367e-02 6.6378e-01 -3.3623e-01 -5.9079e+01

-1.2819e-01 -1.8950e+00 6.9289e-01 3.0722e-01

2.1876e-01 -9.2344e-01 5.4676e-01 8.3961e-01

-8.5926e-02 4.0281e-01 -2.2835e-01 -2.5554e-01

1.2809e-01 -2.0231e-01 1.8071e-01 5.3951e-01

1.1827e-01 8.7602e-01 -2.2397e-01 1.5995e+00

1.7060e-01 -6.7015e-01 3.1365e-01 -I.0720e+00

3.0178e-02 -2.4262e-01 -7.8699e-02 6.2368e-01

-4.0276e-01 5.4424e-01 -2.8802e-01 1.2147e-01

-9.6213e-01 7.4938e-01 -8.4909e-01 2.4238e+00

4.8296e-01 -2.9184e-01 4.3272e-01 8.1981e-01

9.4607e-02 4.1664e-01 1.7880e-02 -9.2762e-01

4.3402e-02 2.0055e+00 -5.9563e-01 -1.6577e-01

-4.5404e-01 -3.1102e-01 -3.5320e-01 8.7466e-01

-1.9679e+00 -1.9961e+00 3.6429e-01 1.9959e-01

-i.0697e+00 -I.0417e+01 3.0852e+00 -1.4254e+00

9.4014e-02 2.8125e+00 -2.4897e+00 9.1436e-01

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 .0 0 0
0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

l. O000e+O0 0 0 0

0 l.O000e+O0 0 0

0 0 l.O000e+O0 0

Columns 25 through 30

3.5528e-06

5.5371e-03

2.6344e-05

0

1.2371e÷00

1.9800e+00

1.1655e+00

-2.9973e+02

8.4324e-01

2.0862e+00

-6.8753e-01

9.8657e-01

1.6950e+00

3.6635e+00

-i.0225e+00

-7.9622e-01

1.6707e+00

l. O013e+O0

5.2769e-02

-6.7308e+00

4.4565e-07

7.2405e-04

1.8782e-05

0

-i 4651e-01

-7 5244e-01

-i 3165e+00

4 1554e-01

-3 8470e+02

-3 2625e-03

-i 3608e-01

6 3979e-01

-I 0502e+00

-i 6457e+00

2 2199e+00

-8 6954e-01

-2 0514e+00

-9 6985e-01

-2.9940e-01

5.8235e+00

2.0938e-05

3.2767e-02

2.2617e-04

0

4.0308e+00

2.9017e+00

3.0402e-01

-I 9988e-02

1 9600e+00

-4 3638e+02

-4 1813e+00

3 4005e+00

2 2890e+00

8 5775e+00

5 1338e+00

-6 7420e+00

-i 9098e+00

7 9395e-01

-i 1354e-01

-2 4441e+00

-2.4831e-05

-3.9064e-02

-3.7539e-04

0

-4.9742e-01

1.3059e+00

-I.0894e+00

2.6268e-01

-7.2791e-01

-4.0723e+00

-5.9013e+02

1.4506e+00

-4.9341e-01

-1.3421e+01

-8.9164e+00

i. I183e+01

5.1706e+00

-2.9843e+00

-i.0065e+00

2.1775e÷00

0

-5 7945e+00

-i 6398e+02

-8 3142e+00

2 6676e+00

-3 6928e+00

-6 2469e+00

2 7583e+00

2 7376e+00

-5 0932e+00

-9 i168e+00

4 7095e+00

-I 8157e+00

-7 4635e+00

-2 6103e+00

-i 0898e-01

20l13e+Ol

-8 1968e+00

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

-4.8433e-06

-7.3852e-03

4.9809e-05

0

-i 6343e+00

1 3159e+00

-5 0513e+00

1 6921e+00

-9 4769e-02

2 0410e+O0

2 1532e+00

-8 5215e+02

-i 7202e+01

1 9805e+01

2 2823e+01

-2 7738e÷01

-I 8072e+01

4 3160e÷00

-4.3209e-01

3.1296e÷00

0

-3.1638e+00

-4.7276e+00

-2.8965e+02

7.9163e-01

-2.0926e÷00

-5.3225e+00

1.7365e+00

-2.6671e+00

-4.0486e+00

-7.5860e+00

2.5291e+00

1.6471e+00

-4.1791e+00

-2.4186e+00

5.2684e-03

1.7158e+01

-7.1292e+00

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1.4961e-05

2.4048e-02

4.9410e-04

0

-1.7655e+00

1.1208e+01

-4.4808e+00

1.7324e+00

1.0037e-02

2.6485e+00

-2.0657e+00

-8.7563e+00

-1.2904e+03

8.5058e+00

-1.2763e+01

-4.6843e+00

3.8518e+00

1.5155e+00

6.4852e+00

7.1647e+00
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2.7754e+00

0

0

0

0

0

0

0

0

0

Columns 31

-2.4819e+00 1.0374e+00

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0
0 0 0

through 36

-1.7460e+00 -1.3987e+00 -2.3483e+00

0 0 0

0 0 0

0 0 0
0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

1.0053e-05 3.4737e-05 -i.0450e-05 -4.1429e-05 -4.1829e-05 6.3287e-05

1.7990e-02 5.5245e-02 -1.8687e-02 -6.3485e-02 -6.6347e-02 9.7463e-02

1.2936e-03 8.3783e-04 -1.3377e-03 2.6172e-04 -9.1677e-04 -1.4639e-04

0 0 0 0 0 0

-2.1109e+01 -1.7692e+01 2.4597e+01 -1.6085e+01 9.3605e+00 3.0711e+01

3.4590e+00 -2.6655e+01 1.3352e+01 -8.6544e+00 2.1365e+01 5.1434e+01

3.0357e-01 6.2478e+00 7.4257e+00 -1.9942e+01 8.4084e-01 3.3997e+01

1.7002e-01 -2.1993e+00 -2.4588e+00 6.8562e+00 -5.4503e-01 -i.1594e+01
-6.5231e+00 8.7452e-02 4.9987e+00 -8.5499e+00 -1.3296e+00 1.2452e+01

-1.5906e+01 1.2416e+00 1.0567e+01 -1.4326e+01 -9.5147e+00 1.5181e+01
-3.2415e+00 -3.8412e+00 -4.5717e+00 4.9567e+00 3.6318e+00 -9.3773e+00

-3.0987e-01 -1.2457e+01 1.7304e+01 1.5922e+01 2.3425e-01 -3.7169e+00

2.6411e+00 -2.1918e+01 -1.9130e+00 -6.2946e+00 9.0983e+00 2.9843e+01

-1.8356e+03. 1.0625e+01 -8.2383e+00 5.4991e-01 -3.9618e+00 4.4665e+01
1.2819e+01 -2.1780e+03 -3.7372e+01 2.1807e+00 -3.9410e+01 -6.0637e+01

-3.1048e+01 -3.6627e+01 -2.8933e+03 2.1111e+Ol 2.1316e+00 3.8332e+01

-1.6831e+01 -2.2147e+01 5.0481e+01 -3.1729e+03 -2.0520e+01 2.5958e+01

1.4491e+01 -i.0155e+01 -i.1792e+01 -2.5633e+01 -3.6609e+03 3.1693e+01

2.4677e+01 -2.1411e+01 7.7255e+00 -1.7219e+00 3.0380e+01 -3.8407e+03

5.0990e+01 -2.9849e+01 -5.0024e+00 2.2946e+01 5.9219e+01 5.8322e+01

-1.2113e+01 1.1379e+00 3.5809e+00 -2.2419e+01 5.4460e+00 5.6212e+00

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
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0 0 0 0 0 0

Columns 37 through 38

4 .

7.

--I.

1

1

1

-6

8

1

-7

-3

1

1

-I

1

1

8

9

-4

1

9593e-04 -2.1121e-04

6381e-01 -3.2650e-01

I080e-03 -1.5639e-04

0 0

9746e+02 -5.5852e+01

8850e+02 -4.7409e+01

8798e+02 -6.2643e+01

1931e+01 2.0359e+01

6059e+01 -2.8752e+01

1688e+02 -5.5913e+01

6061e+01 2.6180e+01

9491e+01 1.8756e+01

2619e+02 -3.9806e+01

8605e+02 -6.6887e+01

7807e+02 3.3279e+01

3375e+02 -3.5607e+01

6295e+02 -6.7148e+01

5070e+01 -2.0568e+00

8171e+01 -I.0096e+01

2446e+03 8.4813e+01

0811e+02 -4.2957e+03

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

Columns 1 through 6

-1.9600e+00 -5.0495e-04 -7.8324e-06

-1.3535e+01 -8.2854e-01 -1.2690e-02

-3.3579e-01 -2.5562e-02 -3.1165e-04

0 0 0

4.4705e+03 5.2837e+02 6.1109e+00

2.5315e+03 3.0471e+02 3.0518e+00

-2.4360e+03 -2.5558e+02 -4.6982e+00

8.1634e+02 8.7435e+01 1.5886e+00

1.2406e+02 5.4341e+01 2.8078e-01

1.0449e+03 2.5451e+02 2.8546e+00

-2.9536e-01

-3.7106e+00

-9.4133e-02

0

1 9355e+03

1 0722e+03

-i 2399e+03

4 2188e+02

1 5141e+02

9 5604e+02

-2.5306e-05

-4.4322e-02

-2.7500e-03

0

6 8057e+01

4 3611e+01

-2 3262e+01

8 2042e+00

1 1766e+01

4 4650e+01

-1.6565e-06

-2.6370e-03

-4.1340e-05

0

6.4379e-01

2.7056e-01

-7.9651e-01

2.6542e-01

-5.5854e-02

1.6184e-01
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2.7164e+02 5.4613e+00 3.0574e-01

-7.1125e+02 1.0132e+03 1.6947e+01

3.5936e+03 -1.2843e+02 -4.1048e+00

-9.1474e+03 -1.3308e+02 -4.1109e-01

-9.7247e+03 -2.9611e+02 -6.0003e-01

1.2221e+04 3.8528e+02 2.2878e+00

7.3518e+03 2.3436e+02 6.7669e-01

-2.3288e+03 -5.9647e+00 -1.2881e-01

1.5774e+01 7.4336e-01 -l. O007e-Ol

6.5438e+02 -6.1861e+01 1.4564e+00

-1.9403e+02 7.4863e+01 -1.8994e-02

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

Columns 7 through 12

7.9646e+01 _3.0776e+00 1.1542e-01

5.2141e+03 2.0445e+02 1.5125e+00

-i.1847e+03 -5.4647e+01 -2.5401e-01

-1.8652e+01 6.1789e+01 -7.8783e-01

-4.6784e+02 2.6825e+01 -4.1958e-01

1.1680e+03 -3.9497e+01 6.0219e-01

6.9596e+02 -2.2951e+01 9.5187e-02

-1.8097e+02 2.8590e+01 -7.9845e-02

-i.0824e+01 2.1251e-01 -3.8587e-02

9.5144e+01 -2.8282e+01 5.5272e-01

5.8451e+01 2.5654e+01 -i.1951e-01

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

-3.3045e-01 -2.1122e-04 4.6241e-07 3.2740e-01 -5.4235e-05 -3.6846e-06

-1.8258e+00 -3.3818e-01 1.2319e-03 -4.5521e+00 -8.8517e-02 -5.5456e-03

6.2939e-03 -6.2834e-03 2.7178e-04 -9.3818e-03 -2.4971e-03 7.6073e-05

0 0 0 0 0 0

-I.1381e+03 8.3709e+01 -7.1030e+00 -8.7831e+02 3.5841e+01 -3.3535e+00

-6.1383e+02 7.3088e+01 -3.8210e+00 -8.7016e+02 2.9055e+01 -2.4282e+00

2.7591e+02 3.7442e+01 1.5135e+00 -7.0646e+01 6.5056e+01 -6.7952e-01

-i.0205e+02 -1.2727e+01 -5.3505e-01 1.5430e+01 -2.0799e+01 2.1434e-01

-2.6064e+02 1.6315e+01 -i.0047e+00 -2.3035e+02 2.4524e+01 -8.5779e-01

-9.3960e+02 1.4750e+01 -3.3104e+00 -6.0658e+02 4.1141e+01 -2.0477e+00

2.0092e+02 -7.4769e+00 5.1681e-01 2.7950e+02 -I.0906e+01 6.4606e-01

1.7735e+02 -2.9537e+01 1.4086e+00 9.2040e+01 7.7941e-01 l. O121e-Ol

-i.1254e+03 5.7544e+01 -5.5033e+00 -8.6413e+02 2.1448e+01 -2.2545e+00

5.4898e+02 -9.3421e+01 8.3794e+00 -7.2148e+02 -1.8799e+00 7.0477e-01

1.0478e+03 -2.0087e+02 1.1204e+01 5.8577e+02 -7.3425e+01 4.0616e+00

-7.0732e+02 2.4998e+02 -1.2896e+01 -2.9172e+01 9.3721e+01 -4.4055e+00

-9.0269e+02 1.6451e+02 -8.9380e+00 -7.8791e+02 6.7823e+01 -4.1635e+00

3.6450e+02 2.9189e+00 2.1340e+00 -2.5614e+01 8.0060e+00 3.7073e-01

-8.1175e+01 2.8527e+00 -2.0362e-01 -7.8149e+01 5.4767e+00 -1.9827e-01

5.2257e+02 -8.4692e+01 2.3321e+00 6.2179e+02 -i.1204e+02 2.9267e+00

-1.2341e+01 6.0699e+01 -9.9328e-01 -1.3396e+02 5.7502e+01 -i.1924e+00

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0
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0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

Columns 13 through 18

4.0114e-01 7.0529e-05

-4.9704e+00 1.0704e-01

-2.7965e-02 -9.9045e-04

0 0

-8.6999e+02 3.4153e+01

-1.9843e+03 1.6042e+00

-1.3473e+03 5.4681e+01

4.5805e+02 -1.6886e+01

-4.7600e+02 2.8272e+01

-5.5719e+02 6.3650e+01

4.4378e+02 -i.0297e+01

1.0054e+02 -8.6728e+00

-I.0674e+03 1.6241e+01

-2.5240e+03 2.0561e+01

1.2657e+03 6.3923e-01

-i.1850e+02 4.4584e+00

-3.3541e+02 7.1525e+01

-I.0309e+03 -1.2427e+01

-1.5052e+03 -6.6324e+01

-1.4880e+03 -3.0764e+02

-1.3919e+02 9.2456e+01

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

-5.8141e-06

-8.9880e-03

-4.5255e-06

0

-i 9764e+00

-2 3662e+00

-2 4975e+00

8 2281e-01

-i 0720e+00

-i 8450e+00

8 2949e-01

3 3454e-01

-i 5093e+00

-2 7561e+00

1 7182e+00

-7 6481e-01

-i 7809e+00

-i.0396e+00

-8.1951e-01

2.9175e+00

-1.6705e+00

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

2.1703e-01 1.0254e-04 -4.4178e-06

-2.8204e+00 1.5775e-01 -6.8575e-03

-1.8070e-02 -3.1760e-04 -1.8142e-05

0 0 0

-6.8972e+02 2.9125e+01 -i.1236e+00

-3.3861e+03 -2.6299e+01 -1.8372e+00

-3.8783e+03 -1.4554e+01 -2.5075e+00

1.3850e+03 7.8618e+00 8.4041e-01

-1.4815e+03 -3.2851e+00 -9.9111e-01

-i.1886e+03 3.0032e÷01 -1.4725e+00

-3.7338e+02 -3.1890e+01 4.5339e-01

3.6318e+00 -i.0496e+01 2.4075e-01

-1.3215e+01 4.0488e+01 -7.7701e-01

-3.4919e+02 9.0556e+01 -2.2310e+00

1.4625e+02 -2.5683e+01 5.2947e-01

4.1072e+01 -7.3361e+00 2.2889e-01

1.6919e+01 5.6581e+01 -9.1756e-01

-5.0242e+02 1.6515e+01 -8.0512e-01

-9.1490e+02 -2.5673e+01 -3.6917e-01

-1.6393e+03 -2.4383e+02 2.7511e+00

1.7737e+02 8.6344e+01 -1.3646e+00

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

A a =

Columns 1 through 6
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0 l.O000e+O0 0 0

0 0 l.O000e+O0 0

-6.8590e+05 -4.1205e+04 -2.8770e+02 0

0 0 0 0

0 0 0 0

0 0 0 -i.0648e+06

0 0 0 0

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

Columns 7 through 12

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0
0 0 0 0

0 l. O000e+O0 0 0

0 0 l. O000e+00 0

-8.0000e+05 -4.5657e+04 -3.0284e+02 0

0 0 0 0

0 0 0 0

0 0 0 -9.2610e+05

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

Columns 13 through 18

0 0

0 0

0 0

l. O000e+O0 0

0 l. O000e+O0

-5.5245e+04 -3.3312e+02

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0
0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

l. O000e+O0 0

0 l. O000e+O0
-5.0337e+04 -3.1798e+02

0 0

0 0

0 0

0 0

0 0
0 0

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 l. O000e+O0 0 0 0 0

0 0 l.O000e+O0 0 0 0

-1.2167e+06 -6.0381e+04 -3.4827e+02 0 0 0

0 0 0 0 l.O000e+O0 0
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0 0 0 0 0 1.0000e+00

0 0 0 -1.3824e+06 -6.5746e+04 -3.6341e+02

B e =

0 0 0 0 0 0

0 0 0 0 0 0

685900 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 2129600 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 1600000 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 1852200 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 2433400 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 2764800

C

Columns 1 through 6

0 0 1.0000e+00 0

0 0 1.0000e+00 0

0 0 1.0000e+00 0

0 0 1.0000e+00 0

0 0 1.0000e+00 0

4.1720e-02 3.1053e-01 -4.3998e+01 1.0222e-02

1.4003e-01 8.9444e-01 1.7973e+01 -1.7806e-01

1.1468e-01 5.8851e-01 2.6451e+01 -2.3320e-01

1.0788e-01 5.1164e-01 2.7938e+01 -2.4849e-01

9.9633e-02 4.1771e-01 2.9468e+01 -2.6127e-01

Columns 7 through 12

1.6588e-04

-5.8335e-05

-6.0117e-05

-6.4397e-05

-6.0888e-05

-2.0308e-03

-2.2803e-03

-3.2684e-03

-3.4768e-03

-3.6763e-03

-5.4117e-05 -4.6642e-05

1.8402e-05 1.5809e-05

1.9030e-05 8.9343e-06

1.9924e-05 1.0797e-05

1.9171e-05 8.0922e-06

6.5161e-04 2.4937e-04

8.6985e-04 5.8743e-04

1.1553e-03 1.5707e-04

1.2119e-03 4.0224e-05

1.2614e-03 -I.0029e-04

Columns 13 through 18

5.6041e-04 -4.2983e-05

1.0603e-04 -3.0990e-05

5.0418e-04

1.3081e-04

-2.8092e-04

8.6460e-05

3.4980e-05

4.5999e-05

2.9043e-05

2.1329e-03

4.8837e-03

3.0564e-03

2.5534e-03

1.8936e-03

4.2963e-04

4.1265e-05

1 9940e-04

-I I167e-05

-3 8027e-05

-3 3775e-05

-4 1293e-05

-2 6491e-03

2.4496e-03

6.3667e-04

2.1842e-04

-2.8529e-04

2.5860e-04

-5 4346e-05

2 6039e-05

1 4329e-05

3 5668e-05

-I 9877e-03

-3 9439e-03

-i 7768e-03

-i 2328e-03

-5 2104e-04

-9.9955e-05

-i.1476e-05

-1.6837e-04

3.9885e-05

6.1231e-05

6.0645e-05

6.2995e-05

1.3019e-03

5.4952e-05

8.3794e-04

9.5438e-04

1.1260e-03

1.9031e-04

6.1394e-06

4.9845e-05

4.5521e-05

5.5654e-05

-i.1709e-03

-4.6871e-04

-7.5063e-05

-4.0639e-05

4.8660e-05

6.1936e-04

-5.9456e-05
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1.6499e-04

1.7174e-04

1.6388e-04

-4.8267e-03

2.1986e-03

3.5753e-03

3.7285e-03

3.8431e-03

-3.3396e-05

-3.9399e-05

-4.2011e-05

-5.1457e-04

2.8161e-03

-2.0876e-04

-9.9576e-04

-1.9299e-03

Columns 19 through 24

1.7871e-04

-2.4860e-05

-i.1269e-05

-1.3560e-05

-1.4100e-07

-1.2753e-03

-5.8451e-04

-i.1430e-03

-1.2016e-03

-I.1609e-03

-2.4977e-04

3.8578e-05

6.1281e-06

1.6158e-05

1.6653e-07

3.4300e-03

-6.3503e-03

-i.1783e-03

2.0701e-04

1.9086e-03

Columns 25 through 30

-2.3558e-05

7.6347e-06

-4.5524e-05

-2.8675e-03

3.3573e-03

2.8654e-03

2.6942e-03

2.3360e-03

-4.0211e-04

2.5607e-05

-I.0314e-04

-I.0718e-04

-i.1658e-04

2.1742e-03

4.5114e-03

4.5487e-04

-6.8132e-04

-2.0915e-03

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

4.5641e-01 4.4787e-01 2.9212e+00

-3.4552e-02 5.2653e-02 5.7777e-01

6.2410e-02 1.2124e-01 9.7292e-01

8.1252e-02 1.3248e-01 1.0339e+00

1.0477e-01 1.4486e-01 1.0949e+00

Columns 31 through 36

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

8.1632e-0i -9.5682e+00 -8.3856e+00

-6.0565e-01 4.7198e+00 9.8296e+00

-1.6571e+00 5.9338e+00 4.9768e+00

-1.8894e+00 6.0112e+00 3.8323e+00

-2.2045e+00 5.8455e+00 2.1582e+00

Columns 37 through 38

0 0

0 0

0 0

0 0

0 0

6.1415e+00 1.0731e+01

7.4498e-01 7.5462e+00

2.4883e+00 3.5405e+00

-1.4266e-04

-1.3048e-0_ !

-1.5924e-04

-2.5673e-03

2.2149e-03

3.0614e-05

-5.1477e-04

-1.2965e-03

0

0

0

0

0

-6.8476e-01

1.8872e-01

1.5852e-01

1.5276e-01

1.4463e-01

0

0

0

0

0

-3.1186e+00

-1.2034e+00

-1.2439e+00

-1.2199e+00

-I.1587e+00

0

0

0

0

0

2.0152e+00

-2.2983e+00

-1.7926e+00

-1.6385e+00

-1.4495e+00

2.0182e-05

1.6610e-05

1.5578e-05

1.2727e-04

8.8810e-04

2.1956e-04

1.8253e-05

-2.8112e-04

0

0

0

0

0

9.6879e-01

-3.4652e-01

-2.1774e-01

-1.9283e-01

-1.5949e-01

0

0

0

0

0

-2.7537e+00

-1.4249e+00

-8.8327e-01

-7.6383e-01

-5.9339e-01

0

0

0

0

0

-1.2911e+01

7.9594e+00

4.0280e-02

-1.8695e+00

-4.0729e+00

-1.4972e-04

-1.6541e-04

-1.3664e-04

-4.0172e-03

1.8119e-03

-1.8578e-03

-2.7110e-03

-3.5979e-03

0

0

0

0

0

-1.3706e+00

1.0303e-01

-1.8924e-01

-2.4748e-01

-3.1990e-01

0

0

0

0

0

-9.3880e+00

-4.3584e+00

-i.0545e+00

-3.6765e-01

4.8290e-01

0

0

0

0

0

-3.9200e+00

8.1947e-01

-6.3717e-01

-8.1443e-01

-8.9027e-01

259



2.8190e+00 2.1479e+00

3.0854e+00 2.2282e-01

5

Columns 1 through 6

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

-i. I154e+01 -I.i152e-01 -1.6383e-03 -3.2728e-02 -2.0443e-03 -2.7292e-04

-5.3233e-01 -2.3101e-01 -5.2585e-05 -1.3392e-02 -6.8538e-02 1.2170e-03

3.1653e+00 1.7564e-02 4.2759e-05 4.5331e-01 -1.7756e-02 8.3477e-04

4.1118e+00 8.6003e-02 1.2533e-04 5.9109e-01 -4.7627e-03 7.4682e-04

5.3000e+00 1.5797e-01 1.3182e-04 7.4081e-01 8.0151e-03 6.1700e-04

Columns 7 through 12

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

-l.5100e+O0 3.0869e-02 1.0140e-03 5.7530e-01

8.3614e-01 -9.9258e-02 1.5011e-02 1.8640e+00

4.2586e+00 3.3966e-01 1.3923e-02 4.0809e+00

4.9639e+00 4.4524e-01 1.3269e-02 4.5329e+00

5.8523e+00 5.7529e-01 1.2450e-02 5.1276e+00

Columns 13 through 18

0

0

0

0

0

4.5438e-02

-1.8093e-01

8.9521e-02

1.5657e-01

2.4004e-01

0

0

0

0

0

-5.0114e-04

1.1083e-02

9.0245e-03

8.3050e-03

7.4114e-03

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

-9.6688e-01 5.9713e-02 -1.5943e-03 3.5006e-01 6.7356e-02 -1.3184e-03

1.3990e+00 -2.4834e-01 1.0691e-02 4.9105e-01 -2.0509e-01 7.1067e-03

6.0328e-01 -I.1992e-01 6.6073e-03 -3.5816e-01 -7.7047e-02 4.1190e-03

3.9188e-01 -8.2218e-02 5.4741e-03 -5.4671e-01 -4.0823e-02 3.2965e-03

2.4956e-01 -3.4050e-02 4.1418e-03 -7.5688e-01 1.2773e-03 2.3268e-03
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Appendix C

M = 0.24/h = 0 ft Cycle 1/ISAC Model

This appendix describes the NASA Langley M = 0.24, h = 0 fi model generated from the

Ref. H Cycle lflSAC Simulation. All variables are expressed with feet, second, and radian units

except structural axes coordinates and mode shape/slope deflections which utilize inch. Airframe

states, inputs, and outputs are listed below.

[ ]"x= u w q 0 _1 ... _ 17 rll ... rl17 Zl ... Zl 0

d=w G

[ ]"Y = "'-qxs ...... azxs...

Measured pitch rates and vertical accelerations are calculated from

17

qxs = q - i = _)i(Xs)'qi

17

azx s = w - xBq -Uq - i--_l ¢i(Xs)rii

(Di(Xs) = C¢ix s

d _i(Xs)i

_i (xs)= dx s

where C_i is the i th row of C(_ and

-=r 10 9Xs tx s x s'-'x sl]T

C(_ represents a polynomial curve fit to the mode shapes ((_i) which allows pitch rates and vertical

accelerations to be computed at any point along the fuselage centerline. The state space C, D, D',

D", and D d matrices can be easily constructed from the above description. In the above

expressions, the sensor is mounted at the body axes location XB, and U denotes the forward body
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axes trimmed flight speed component. Actuator model data corresponding to Eq. (2.6), and gust

turbulence model data corresponding to Eq. (2.9), is tabulated below.

Actuator Data P
19.

22.

22.

220.

220.
_V

fi'l_l 20. 200.fl|| •

riTE2 21. 210.

&rE3 23. 230.

&I'E4 24. 240.

i||

0.7071

0.7071

O.7071

0.7071

0.7071

0.7071

0.7071

Gust Turbulence Data L V T k z 1 z2 P 1 P2 P3

wG 1. 2500. 267.9 0.4079 0.04094 0.8257 0.05145 0.1302 1.194

Note for this model, a single actuator drives both left and right symmetric control surfaces. State

space matrices defined in Eqs. (2.1)-(2.10) and C¢ are listed below.

A -_

Columns 1 through 6

5.9489e-04 2.1308e-02

-1.4249e-01 -I.0812e+00

-1.5018e-04 -1.8238e-02

0 0

0 -5 8016e+01

0 -7 8996e+01

0 -I 4208e+02

0 -4 7866e÷01

0 2 6580e+01

0 -2 8096e÷01

0 -4.1414e+01

0 2.3729e+00

0 -3.5075e+01

0 2.5373e+02

0 -I.1031e+02

0 2.5193e+02

0 9.8379e+00

0 9.8179e+00

0 1.3641e+01

0 -9.5650e+01

0 1.9257e+01

0 0

0 0

0 0

0 0

0 0

0 0

0 0

-4.1438e+01 -3.1782e+01

2.5063e+02 0

-8.3968e-02 0

l. O000e+O0 0

-2.1366e+02 0

-3.3229e+03 0

-2.3133e+02 0

-1.8416e+02 0

2.0421e+03 0

-7.0839e+03 0

-3.5274e+03 0

-2.1190e+03 0

2.6666e+03 0

6.8524e+03 0

-5.6936e÷03 0

6.6340e+03 0

4.5101e+03 0

-3.2552e+03 0

5.1642e+02 0

-3.9555e+03 0

2.6607e+03 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0

4.4062e-04

-7.1923e-07

0

-3 1696e-01

4 5412e-01

1 3484e-02

1 0231e-02

-I 1230e-01

3 3803e-01

1 2018e-01

-i 0035e-01

-7 5154e-03

-5 1365e-02

-2 6779e-01

1 0339e-01

2 6557e-01

-2 7956e-02

-I 1640e-02

3 4232e-01

-2 0758e-01

1 O000e+O0

0

0

0

0

0

0

0

-2.3471e-03

-1.2275e-05

0

7.9866e-01

-1.2659e+00

-i.0384e+00

-3.5376e-01

3.9269e-01

-3.2240e-01

6.9592e-02

1.8198e-01

-6.7766e-01

3.3286e-01

5.6236e-01

-3.7091e-01

-5.6127e-01

-1.2971e-01

2.6579e-01

-3.0837e-01

1.6640e-01

0

1.0000e+00

0

0

0

0

0
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0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 5.0274e-01 -8.4015e+00

0 8.6196e-01 3.2999e+02

0 -6.1473e+01 -7.0734e+02

0 2.8760e+02 3.7594e+03

0 -1.8644e+02 4.0003e+03

0 -3.5938e+02 -6.7843e+03

0 -1.2347e+02 -2.3769e+03

0 -7.9291e+02 -2.6798e+04

0 -2.6492e+02 -7.1313e+04

0 -2.6749e+03 9.3293e+02

Columns 7 through 12

0 0 0 0

-1.0441e-03 -4.7593e-04 5.1136e-04 1.9860e-04

-8.7379e-06 -4.4627e-06 2.5422e-06 2.7352e-06

0 0 0 0

-8.6001e-02 -I.1747e-02 -1.3371e-01 1.9847e-01

-1.2424e+00 -4.7972e-01 4.6727e-01 -2.5850e-02

-1.7683e+00 -5.4009e-01 5.6387e-01 -1.7793e-01

-5.0591e-01 -5.3792e-01 1.9920e-01 -6.2051e-02

5.5670e-01 2.0653e-01 -6.1257e-01 8.0879e-02

-5.6630e-01 -1.9822e-01 2.0739e-01 -5.1239e-01

4.5862e-02 2.2505e-02 -5.4231e-02 1.0083e-01

-2.9916e-01 -I.0243e-01 -5.2085e-02 3.8312e-01

2.9587e-02 -6.2427e-03 1.5925e-02 1.1216e-01

4.9384e-01 1.7775e-01 -5.8308e-02 -2.7323e-01

1.1313e-01 5.4052e-02 -4.4141e-02 -6.5123e-02

2.2069e-01 7.3669e-02 1.8528e-02 -1.5453e-01

-1.2922e-01 -5.3835e-02 l. OlSle-Ol -I.0495e-01

-2.8710e-01 -l.0301e-Ol 6.8673e-02 6.1879e-02

1.5704e-01 7.1691e-02 -3.6605e-02 -1.4852e-01

-8.1519e-01 -2.4968e-01 2.9102e-01 -4.9902e-01

4.5076e-01 1.4709e-01 -1.3978e-01 1.4064e-01

0 0 0 0

0 0 0 0

l. O000e+O0 0 0 0

0 l. O000e+O0 0 0

0 0 1.0000e+00 0

0 0 0 l. O000e+O0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 1.0870e-02 1.9733e-02

0 -1.6020e-01 -3.7630e-01

0 -i.0947e-01 3.0905e-01

0 4.9659e-01 -3.6739e-01

0 2.2756e-01 -1.2203e+00

0 5.4455e-01 -1.2685e-01

0 5.1268e-01 7.2126e-01

0 3.6005e+00 -i.i180e+00

0 3.9221e+00 4.8925e+00

0 4.8022e+00 2.2209e-01

0 0

3.1024e-04 1.7113e-02

-9.2798e-07 3.8823e-04

0 0

-2.0533e-01 -l.2101e+O0

3.7041e-01 1.9978e+00

1.6647e-01 1.1044e+00

6.1967e-02 3.8293e-01

-1.3786e-01 -2.1587e-01

1.6298e-01 2.4959e-01

-6.2477e-01 -6.4407e-02

-4.0457e-03 -3.8735e+00

1.6338e-01 1.0872e+00

2.0244e-01 -1.3912e+00

-1.8631e-01 -3.2109e-02

1.3154e-01 -1.3084e+00

1.2720e-01 1.3976e+00

-9.5318e-02 -l.1410e+O0

-3.5587e-02 -9.5331e-02

-1.3954e-01 6.7767e-02

7.0221e-02 3.3394e-01

0 0

0 0

0 0

0 0

0 0

0 0

l.O000e+O0 0

0 l. O000e+O0

0 0

0 0

0 0

0 0

0 0

0 0

263



0 0

0 0

0 0

-6.4576e-02 -2.3055e-02 -4.

5.2193e-01 1.6784e-01 4.

3.1263e-01 1.3671e-01 6.

-i.0992e+00 -3.9282e-01 -3.

6.7413e-01 1.5754e-01 I.

6.6493e-01 2.1482e-01 2.

-1.8519e-01 -3.0157e-02 -4.

1.1693e+00 3.3250e-01 2.

-2.8950e+00 '8.6880e-01 -i.

-1.7876e-01 -2.2370e-01 -4.

Columns 13 through 18

0

I.i027e-02

2.4990e-04

0

-3 6008e-01

1 7375e+00

1 4137e+00

5 0333e-01

-2 7864e-01

-7 7151e-02

-3 6986e-01

-1.6003e+00

-1.8244e-01

-8.2364e-01

-4.2677e-02

-i.0984e+00

6.5880e-01

-6.1120e-01

-2.1812e-01

-5.2127e-01

5.0908e-01

0

0

0

0

0

0

0

0

l. O000e+O0

0

0

0

0

0

0

0

0

4.3539e-02

3.0797e-02

-I.0921e+00

4.9573e+00

0

-2.5255e-05

1.3435e-05

0

-3.6091e-01

-7.8333e-01

-1.5363e+00

-5.6495e-01

4.5395e-01

2.6398e-02

3.1838e-01

-1.8150e+00

-6.6307e-02

-1.9287e+00

-8.3157e-02

-1.7216e-01

3.3540e-01

3.3119e-02

7.3373e-02

9.5078e-01

-4.0322e-01

0

0

• 0

0

0

0

0

0

0

l.O000e+O0

0

0

0

0

0

0

0

-4.2040e-02

-1.3013e-01

5.9243e-01

1.2436e+00

0

0

0

6117e-03

6369e-02

1207e-02

8935e-01

5947e-01

2968e-01

1860e-03

6711e-01

6836e-01

6449e-03

0

-1.8455e-03

-4.1450e-05

0

5.4676e-01

-i.1729e+00

-7.0810e-01

-2.7067e-01

3.4951e-01

-3.6480e-01

2.2034e-01

1.8118e+00

6.8710e-01

-1.7325e-02

-1.4315e+00

3 8865e-01

9 7539e-02

1 4459e-01

-6 1991e-02

3 9049e-01

-i 3048e-01

0

0

0

0

0

0

0

0

0

0

l. O000e+O0

0

0

0

0

0

0

-3.8771e-02

2.1032e-02

3.7703e-01

-1.3153e-02

0

0

0

4.6993e-02

-!.6794e-01

-6.2795e-01

1.9763e÷00

-i.i183e+00

-i.5844e+00

5.5422e-02

-4.3147e+00

1.6101e+O0

-6.6874e-01

0

-4.0819e-05

-5.6930e-06

0

-7.1170e-01

2.1551e-01

-3.6274e-01

-1.2692e-01

-5.4146e-02

3.1348e-01

1.9451e-03

-2.0429e+00

-3 7381e-01

-2 6702e-01

5 05i5e-01

-i 7471e+00

-3 7913e-01

6 5507e-02

I 8913e-01

2.1628e-01

-i.0723e-01

0

0

0

0

0

0

0

0

0

0

0

l. O000e+O0

0

0

0

0

0

-5.0614e-02

6.1924e-01

-2.4342e-01

4.3299e-01

0

0

0

3.3040e-02

2.1601e-01

-1.0173e+00

2.6149e+00

-2.9486e-01

-1.4616e+00

-5.2063e-01

-1.7979e+00

-9_6289e-01

-1.0274e+00

0

0

0

-5 1215e-02

1 O131e+O0

-I 0026e+00

6 6115e+00

9 9624e+00

1 0493e÷00

-2 1455e÷00

7 7710e÷00

-2 0033e+00

8 9590e+01

0 0

1.3165e-03 -4.4495e-04

6.5372e-06 -8.2031e-06

0 0

-6.8539e-01 2.0149e-01

1.1214e+00 1.3059e-01

6.3973e-01 6.4425e-01

2.3196e-01 2.4071e-01

-3.1855e-01 -2.1185e-01

3.1993e-01 5.8684e-02

-I.1567e-01 -1.6427e-01

-1.3320e+00 5.4609e-01

-1.2738e-01 -2.5683e-01

-4.4797e-01 8.0945e-01

8.8786e-02 3.6394e-01

-5.2257e-01 4.1052e-01

-1.4876e+00 5.7409e-02

3.6151e-01 -1.6276e+00

-3.7677e-01 3.3479e-01

-9.3815e-01 -2.2041e-02

1.2635e-01 2.1247e-01

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

l. O000e+O0 0

0 l. O000e+O0

0 0

0 0

0 0

-i.0846e-02 -1.2448e-02

5.9149e-01 3.1094e-02

-6.8003e-01 5.2032e-01

1.2582e+00 -2.8783e+00
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6.9899e+00

2.6866e-01

-1.9129e+00

6.5650e+00

-2.8062e+00

5.5113e+01

-2.5719e+00

-1.4613e+00

8.1748e-01

-1.7105e+00

4.7038e-01

4.2794e+00

Columns 19 through 24

0 0

1.6807e-03 i.ii13e-02

1.6594e-05 1.5379e-04

0 0

-1.7635e-01 -9.3520e-01

2.6618e-01 4.2018e+00

-1.9271e-02 3.8112e+00

-2.1648e-02 1.3618e+00

6.0821e-02 -1.2279e+00

-3.1355e-02 7.6798e-01

2.1078e-01 -9.2006e-02

4.7959e-02 4.9430e-02

5.7806e-01 1.0317e+00

-i.1473e+00 -1.9839e+00

-5.8636e-01 -i.i038e+00

1.3384e-02 -2.5068e-01

1.7264e-01 6.3917e-02

4.5334e-01 9.2548e-01

-2.0152e+00 -2.3122e+00

-8.0078e-01 -6.1749e+00

-2.7941e-03 1.0419e+00

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

l. O000e+O0 0

0 l. O000e+O0

0 0

1.9768e-02 1.2190e-01

1.7947e-01 1.0697e+00

-5.4807e-01 -2.7616e+00

1.2436e+00 1.0950e+00

1.3966e+00 8.0582e+00

-2.8869e-03 2.5204e+00

-1.5214e-01 -2.8884e+00

8.1616e-01 4.8504e+00

-i.0261e+00 -8.9203e-01

3.8606e+00 2.2522e+01

-4.6741e-01

-1.7574e-01

7.3412e-02

-1.7710e+00

-i.1856e-01

-7.1330e+00

-5.4233e-0! i 9o0328e-01

-i.i025e-01 -5.6022e-01

-3.7964e-02 3.5500e-02

-7.4774e-01 -1.7037e+00

-9.3840e-01 -1.9088e+00

-2.1585e+00 2.6753e+00

7.0160e-02

1.1310e+00

-4.1469e-01

-2.9915e-02

2.1388e-01

-5.3698e+00

0 0 0 0

-3.1438e-03 -9.8583e-03 -2.1697e-02 -7.2984e-03

-3.8848e-05 -2.7333e-05 2.0741e-05 1.3973e-05

0 0 0 0

2.2755e-01 -5.7663e+01 6.0515e+00 1.5702e+00

-1.4793e+00 1.0686e+00 -1.6057e+02 -5.6484e+00

-1.4936e+00 -1.6858e+00 -7.3223e+00 -2.8754e+02

-5.4393e-01 -5.1485e-01 -2.3028e+00 -1.2878e-01

5.5189e-01 2.4891e-01 2.0718e+00 2.3343e+00

-4.0551e-01 -1.6557e-01 -2.6304e+00 -7.6076e+00

l.lOlSe-Ol -1.2525e-01 -8.9143e-01 -3.2016e+00

-1.7825e-01 1.1737e+00 -1.7185e+00 1.7030e+00

-i.i023e-01 -1.2318e+00 -5.7637e+00 -i.1473e+00

6.7291e-02 2.2538e+00 6.6065e+00 7.3587e+00

9.3810e-02 -1.3009e+00 3.5619e+00 2.4416e+00

-8.8919e-02 1.7902e-01 -2.7795e÷00 2.5919e+00

-2.5121e-02 1.9066e-01 -6.3177e+00 -3.1861e+00

4.5209e-02 -1.4366e+00 -2.3622e+00 -2.1640e+00

4.5187e-01 3.3039e-01 5.4742e-02 -3.3008e-01

1.5019e+00 -1.4475e+00 -1.6717e+01 -1.6499e+01

-1.7889e+00 4.6019e-01 5.9492e+00 7.9800e+00

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

1.0000e+O0 0 0 0

-7.5640e-02 0 0 0

-1.8981e-01 0 0 0

1.1847e+00 0 0 0

2.9058e-01 0 0 0

-2.8129e+00 0 0 0

-1.6530e+00 0 0 0

1.3550e+00 0 0 0

-3.5551e+00 0 0 0

-1.2996e+00 0 0 0

-2.7545e+00 0 0 0
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Columns 25 through 30

0

-4.5415e-03

-3.7280e-06
0

9.5665e-01

-2.4443e+00

-6.5141e-01

-2.9956e+02

9.9928e-01

-2.9863e+00

-1.2286e+00

5.8449e-01

-9.4043e-01

3 3296e+00

1 2663e+00

9 0559e-01

-i 6155e+00

-9 5925e-01

-2 6856e-02

-6 8499e+00

3 2161e+00
0

0

0

0

0

0

0

0

0
0

0

0

0
0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

-5.6425e-04

-7.5575e-06

0

1 5604e-01

2 7555e-01

1 4042e+00

4 4248e-01

-3 8455e+02

-4 6855e-01

-3 3792e-01

3 9719e-01

1.0876e+00

-2.0996e+00

-1.2645e+00

4.323ie-02

1.3903e+00

1.1870e+00

-3.4338e-01

5.5654e+00

-2.1883e+00

0

0

0
0

0

0

0

0

0

0

0

0

0

0

0

0

0

0
0

0

0

0

0

0

0

0

0

Columns 31 through 36

0

3.2555e-02

-i.1668e-05

0

-7.4829e+00

6.7243e+00

1.6351e+00

4.4689e-01

-3.7723e+00

-4.3131e+02
6.6414e+00

-7.3932e-01

2.1581e÷00

-8.5307e+00
-1.7658e+00

-7.6107e-01

3.3910e+00

1.1698e÷00

5.9504e-02

8.1192e+00
-5.1673e+00

0

0

0

0
0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

3.0789e-02

-8.5704e-05
0

-9.4967e+00

2.4783e+00
1.0384e+00

1.6898e-01

-2.3022e+00

8.3274e÷00

-5.8897e+02

2.9922e÷00

3.8763e÷00

-6.3553e÷00

-5 8571e+00

4 9453e+00

6 09!7e+00

1 3044e+00

-9 5815e-01

7 3819e+00

-5 6031e+00
0

0

0

0

0

0
0

0

0

0

0

0
0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0 0

3.9029e-01 3.7374e-01

8.8574e-03 7.2902e-03

0 0

-4.7185e-01 -i.0342e+01

2.2537e+01 4.4647e+01

3.7315e+01 3.4977e+01

1.2815e+01 1.1682e+01

-1.3097e+00 -6.1809e÷00

-9.1553e+00 5.5451e+00

8.9563e-01 3.4088e+00

-8.6387e+02 8.7362e+00

4.5278e+01 -1.2480e+03

-i.1272e+01 -3.6495e+01

-1.3051e+01 -2.2624e+01

-2.2524e÷01 -2.1782e+01

2.8116e÷01 3.9084e+01

-2.0257e+01 -1.4751e+01

-1.4023e+00 -9.8585e+00

3.1039e+00 1.3587e+01

4.6586e+00 3.4001e+00
0 0

0 0
0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0
0 0

0 0

0 0

0 0

0 0
0 0

0 0

0 0

0 0

0 0

0 0 0 0 0 0

-3.1875e-02 -3.6567e-02 -6.6828e-02 9.2362e-02 -3.1594e-02 -1.6300e-02

1.5189e-03 6.3703e-05 -1.3805e-03 6.3659e-04 -1.2327e-03 2.9772e-04

0 0 0 0 0 0

7.7362e÷00 2.4735e+01 -2.7215e+01 -2.9006e+01 -i.1741e+01 5.3668e÷00
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-2.7651e+01 -4.9883e+01 -1.8031e+00

-3.4244e+01 -1.6657e+01 -6.0830e+00

-i.0835e+01 -5.5617e+00 -2.1498e+00

9.0650e+00 8.0273e+00 1.4272e+00

-1.2179e+01 -1.3277e+01 -3.3437e+00

-1.2521e+01 -2.6238e+00 -1.6755e+00

-2.1451e+00 9.9792e+00 -2.7434e+01

-1.8318e+01 -3.6428e+01 -4.9750e+00

-1.8017e+03 1.6330e+01 3.1354e+01

7.8092e+00 -2.1736e+03 -3.7047e+01

2.1621e+01 -2.1948e+01 -2.8821e+03

-4.6850e+00 -3.7178e+01 4.5219e+01

-3.1966e+01 -7.6145e+00 -1.5157e+01

2.8442e+01 2.3226e+01 -6.8297e+00

-1.4457e+01 3.5692e+00 -2.0387e+01

1.9026e+01 9.9922e+00 8.2542e+00

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

Columns 37 through 42

2.4037e+01 2.1802e+01 -3.5604e+01

1.7180e+01 2.6705e+01 -2.0638e+01

5.1010e+O0 9.0448e+00 -7.4052e+00

-8.0833e+00 -5.0607e+00 5.8103e+00

1.5371e+01 -4.0101e+O0 -1.6518e+00

5.3257e+00 -2.2054e+00 -3.4974e+00

-1.7125e+01 4.8701e+00 -i.1240e+00

2.7128e+01 6.5856e+00 -8.5588e+00

-2.2954e+01 -3.1184e+01 4.1817e+01

-3.6437e+01 -2.5638e+01 3.3204e+01

5.0164e+01 -1.2799e+01 -i.1323e+01

-3.1283e+03 -2.7664e+01 6.2624e+00

-1.8920e+01 -3.6423e+03 -3.6278e+01

-3.1316e+00 -3.2169e+01 -3.8427e+03

3.9854e+01 -2.2003e+01 8.2876e+01

-6.2682e+00 -2.0442e+01 -4.7337e+00

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0 0 0 0

3.9364e-01 -3.2039e-02 2.0562e-02 4.8222e-03 1.6083e-02 8.3086e-03

7.7456e-03 -5.2218e-04 1.8273e-05 9.4965e-06 5.1030e-05 -i.0831e-06

0 0 0 0 0 0

-1.5662e+01 1.3065e+01 -2.7659e+00 -6.9369e-01 -2.2084e+00 -i.0263e+00

2.7516e+01 -2.8625e+01 2.9115e+00 4.6823e-01 3.6769e+00 3.4577e+00

7.4635e+01 -2.9052e+01 3.5738e+00 7.3409e-01 3.4500e+00 1.7810e+00

2.4256e+01 -9.8351e+00 1.1582e+00 2.3382e-01 1.1415e+00 6.1367e-01

-1.9197e+01 1.1331e+01 -1.5378e+00 -2.9736e-01 -1.4871e+00 -l.l140e+O0

2.8290e+01 -1.8112e+01 3.5149e+00 7.0550e-01 3.1679e+00 2.7649e+00

-5.7057e+00 -2.3519e+00 1.9291e+00 4.!944e-01 1.5066e+00 8.8431e-01

-1.8600e+00 8.7326e-01 6.5375e-01 1.6810e-01 3.6752e-01 3.1831e-02
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4.6847e+01 -5.4246e+00 1.9946e+00 4.4964e-01

-3.5809e+01 1.8888e+01 -4.7307e+00 -i.0461e+00

-3.6681e+00 2.6815e+01 -1.4154e+00 -2.5825e-01

-4.6852e+01 9.2122e+00 -7.6622e-01 -1.7965e-01

7.3617e+01 -6.7247e+00 2.6348e+00 5.2032e-01

-2.7241e+01 -2.5980e+01 1.3361e+00 2.8428e-01

7.2341e+01 -2.2616e+00 -4.3622e-01 -7.4722e-D2

-3.8177e+03 -7.8307e+01 5.2022e+00 1.0501e+O0

-7.8770e+01 -4.2200e+03 -2.7467e+00 -5.6801e-01

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 -6.7336e-01 0

0 0 0 -i.3467e+00

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

Columns 43 through 48

0

1.1200e-03

1.8267e-04

0

6.1435e-01

-i 6888e+00

-3 7467e-01

-i 2510e-01

8 3281e-01

-2 4821e+00

-9 2786e-01

-4 5097e-01

-4 2818e-01

1.4487e+00

3.7387e-0i

-7.3597e-01

-7.0397e-01

-9.2785e-01

1.6878e-01

0

2.7831e-03

-2.6077e-04

0

-1.8146e+00

6.9104e+00

9.7934e-02

8.5173e-02

-2.0644e+00

6.6097e+00

2.0037e+00

4.4784e-01

3.0087e+00

-1.2655e+00

-3.5960e+00

2.5314e+00

3.8158e+00

7.3645e-01

-2.8363e-01

0

5.0904e-04

8.1015e-05

0

-1.6549e+00

-i 5351e+00

-2 6455e-01

-9 2806e-02

5 5602e-01

-I 7202e+00

-i 2708e+00

3 9444e-04

-4 6460e-01

3 3452e+00

-3 0577e+00

3 1765e+00

6 2640e-01

1 4110e-Ol

4 5730e-01

0

1.3465e-03

1.4817e-05

0

-3 9037e-01

-I 0870e+00

9 i193e-01

2 8242e-01

7 5977e-02

-6 5545e-01

-9.0678e-02

2o9611e-01

-3.4844e-01

-6.7198e-01

3.3900e-01

-6.3651e-02

-2.1016e-01

4.1424e-01

-3.4596e-02

2.3934e+00 1.9587e+00

-4.1723e+00 -2.5150e+00

-1.7044e+00 -i.1763e+00

-6.1444e-01 -5.6377e-01

2.9923e+00 1.8493e+00

8.1134e-01 5.2798e-01

-4,8939e-01 -2.4212e-01

5.1680e+00 3.7717e+00

-2.3795e+00 -1.7435e+00

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

-4.4891e+00 0

0 -7.8559e+00

0 0

0 0

0 0

0 0

0 0

0 0

0 0

1.0151e-03 -8.2236e-03

6.3773e-05 -1.8647e-04

0 0

-7.9864e-01 -1.2346e-01

-1.4987e+00 -6.0223e-01

5.3330e-01 -9.5197e-01

1.4408e-01 -3.2673e-01

5.2132e-01 5.4102e-02,

-2.0624e+00 1.7392e-01

-8.9967e-01 4.2727e-03

-5.6234e-01 6.9888e-02

1.0591e+00 -7.2473e-01

6.4075e-01 9.4682e-01

-i.0266e-01 -2.6610e-01

2.8685e-01 1.2162e+00

3.9537e-01 -3.8339e-01

-7.8393e-01 4.1845e-01

8.2093e-04 5.3745e-02
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-2.8909e+00 6.0539e+00 -4.8953e-01 2.9469e-01

1.5586e+00 -3.2025e+00 3.8394e-02 -1.4643e-01

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

-8.9782e+00 0 0 0

0 -l. OlOOe+Ol 0 0

0 0 -i.1223e+01 0

0 0 0 -1.3467e+01

0 0 0 0

0 0 0 0

-1.4472e+00 -9.9552e-02

9.6796e-01 -1.6995e-01

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

-1.9079e+01 0

0 -2.9179e+01

Columns 1 through 6

-4.1790e-01 0 0 -4.2796e-01 0 0

-1.3286e+01 -3.6235e-01 -4.8357e-03 -2.1582e+00 2.1105e-02 -1.2991e-03

-3.0693e-01 -I.1966e-02 -1.8788e-04 -7.0595e-02 -1.2823e-03 -2.2137e-05

0 0 0 0 0 0

-4.7762e+03 -5.0626e+02 -7.5876e+00 -4.0604e+03 -1.3613e+02 -1.2154e+00

2.3340e+03 3.3359e+02 3.9252e+00 2.5850e+03 8.5826e+01 8.9500e-01

-2.4924e+03 -2.3854e+02 -3.6136e+00 -2.0286e+03 -5.5991e+01 -9.3193e-01

-8.3934e+02 -8.0728e+01 -1.2421e+00 -6.8974e+02 -1.9360e+01 -3.0839e-01

-1.9137e+02 -4.8321e+01 -5.1339e-01 -3.4643e+02 -1.3904e+01 -9.3009e-02

1.2119e+03 2.3652e+02 2.9854e+00 1.8715e+03 6.6480e+01 6.7954e-01

-2.5900e+02 -1.2235e+01 -3.4601e-01 -1.9086e+02 -5.8778e+00 3.7657e-02

8.9196e+02 -I.0457e+03 -1.7381e+01 -i.0736e+04 -4.3033e+02 -2.9172e+00

3.6815e+03 -i.I053e+02 =2.5297e+00 -1.8711e+03 -9.2314e+01 -6.7493e-01

9.4767e+03 1.1436e+02 6.1831e-02 -3.1457e+02 -9.7201e+01 4.5704e-01

-I.0263e+04 -2.6955e+02 -1.8775e+00 -i.0017e+03 5.3107e+01 -5.2362e-01

1.2935e+04 3.0306e+02 2.8879e+00 1.8563e+03 -8.6922e+01 4.0814e-01

7.6461e+03 2.2724e+02 2.1756e+00 1.7076e+03 -4.0999e+01 4.5612e-02

-2.2164e+03 -3.3292e+01 -3.5436e-01 -5.9616e+02 3.4254e+01 2.1683e-01

-1.8539e+01 7.3433e-01 -7.6920e-03 1.5631e-01 1.4049e+00 1.5519e-02

-2.9351e+02 2.2380e+01 -4.6192e-01 -9.1487e+01 9.4009e+00 -1.9353e-01

-1.8225e+01 -4.9810e+01 -3.4997e-01 -7.2696e+01 -2.6935e+01 -1.7156e-01

0 0 0 0 0 0

0 0 0 0 0 0
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Columns 7

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 -6 0022e+00

0 3 1817e+01

0 4 3841e+01

0 -4 8896e+01

0 -i 0344e+02

0 -I 9748e+01

0 2.9647e+01

0 -1.3342e+02

0 2.1818e+02

0 2.4946e+02

through 12

0

-2.4285e+00

9.6527e-02

0

-3.7183e+03

-1.9350e+03

1.4492e+03

4.6036e+02

3.5372e+02

-1.9682e+03

-1.5374e+03

-8.2493e+02

1.8122e+03

5.4043e+01

9.1599e+02

4.1833e+02

-I.0465e+02

5.1265e+02

-1.8079e+02

2.1740e+02

3.7251e+02

0

0

0

0

0

0

0

0

0

2.8499e-0i

-7.2392e+00

1.9046e-02

0

2 2386e+03

-i 1406e+03

7 7170e+02

2 7788e+02

4 9169e+02

-I 8882e+03

-3 9015e+02

-3 5020e+02

-2 2351e+03

-i 2966e+03

2 0641e+03

-I 3780e+03

-i 6814e+03

7 7960e+02

1 5133e+02

-8 8359e+02

-7 7078e+01

0

0

0

0

0

0

0

0

0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 -4.9040e+00

0 2.8501e+01

0 2.7036e+01

0 3.4873e+01

0 -1.4355e+02

0 -1.2306e+02

0 2.6433e+01

0 -2.3578e+02

0 -1.6747e+02

0 -1.8617e+02

0

-8.2180e-02

I.I132e-02

0

2.3225e+02

1.2703e+02

7.7893e+01

3.1669e+01

-1.5562e+01

1.9397e+01

6.5101e+01

6.6446e+01

-1.2986e+02

-1.5998e+02

9.7938e+01

-1.5029e+02

-6.5638e+01

5.2839e+01

2.5919e-01

6.9505e+01

-6.6315e+01

0

0

0

0

0

0

0

0

0

0

-8.6334e-03

-2.0913e-04

0

-1.2552e+00

-6.7353e+00

2 8020e+00

8 0396e-01

1 4263e+00

-5 6312e÷00

-2 4882e+00

-2 7240e+00

-i 4544e+00

-4 i089e+00

3.7692e÷00

-1.9263e+00

-2.9720e+00

2.5710e+00

3.8916e-01

-1.5553e+00

-2.3912e-01

0

0

0

0

0

0

0

0

0
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0
0
0
0
0
0

0
0
0
0

0
0
0
0
0
0
0
0

Columns 13 through 18

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 3.9549e-01

0 0 0 -1.6690e+02

0 0 0 3.7286e+02

0 0 0 -1.5309e+03

0 0 0 9.2491e+02

0 0 0 1.6019e+03

0 0 0 2.7383e+02

0 0 0 2.2656e+03

0 0 0 2.9876e+03
0 0 0 3.2261e+03

5.2052e-01 0 0 1.9609e+00 0

-8.5714e+00 -4.3036e-01 -2.0833e-03 -i.1227e+01 -6.4748e-01

-2.5598e-02 -3.1459e-03 4.5311e-05 -6.4816e-02 -9.7806e-03

0 0 0 0 0
1.5597e+03 1.3899e+02 -i.0965e+00 1.6811e+03 6.5352e+01

-1.5629e+03 -1.4659e+01 -2.9598e+00 -3.9684e+03 -1.4001e+02
7.9804e+01 4.2448e+01 4.2586e-01 -2.6962e+03 -7.8968e+01

4.1765e+01 1.4827e+01 7.6001e-02 -9.1718e+02 -2.8195e+01

3.7391e+02 -2.4418e+01 1.1579e+00 9.4301e+02 6.0879e+00

-i.0589e+03 7.3080e+01 -3.7597e+00 -i.0825e+03 2.9867e+01
-5.1334e+02 4.8132e+01 -2.2376e+00 -9.0076e+02 -i.1838e+01

-1.7167e+02 2.5337e+01 -i.1577e+00 -2.0218e+02 5.0292e+00
-1.5751e+03 -1.5271e+02 2.3832e+00 -2.1007e+03 -1.0126e+02

1.3166e+03 -5.7471e+01 2.4052e+00 4.6252e+03 1.2702e+02
9.6929e+02 8.6333e+01 -4.7846e-01 2.4563e+03 i.i150e+02

1.0218e+02 -4.6918e+01 3.3187e-01 -1.2113e+02 -1.4502e+01

-1.3376e+03 -9.7264e+01 -2.5673e-01 -5.8265e+02 -1.2080e+01

-I.1666e+01 5.6951e+01 -9.2590e-01 -2.0813e+03 -5.2593e+01

1.3600e+02 -9.3455e-01 2.4027e-01 3.0506e+03 1.5093e+02

-8.8664e+02 1.0220e+02 -3.1564e+00 3.1126e+03 3.4856e+02

1.0540e+02 -7.4108e+01 1.3755e+00 2.3937e+02 -7.4531e+01

0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0

4.7392e-03

1.4992e-04

0

1.1726e-02

-1.3610e+00

-6.6889e-01

-2.2857e-01
6.7198e-01

-i.i129e+00

-8.4242e-01
-4.2391e-01

5.0248e-01

2.1743e+00
-3.6144e-02

-5.6176e-02

7.4863e-01

-1.4294e+00

1.3018e+00

4.3892e-01

5.9945e-01

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0
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0 0

0 -5.3967e+00

0 -5.4493e+01

0 2.1684e+02

0 -5.7079e+02

0 -6.6675e+01

0 4.2541e+02

0 2.2883e+02

0 -7.8010e+01

0 1.7989e+03

0 -8.1832e÷01

Columns 19 through 21

1.1745e+00 0

-9.7098e+00 -5.7291e-01

-7.4839e-02 -i.i051e-02

0 0

1.4906e+03 1.4335e+01

-6.9989e+03 -1.9132e+02

-8.0365e+03 -1.9535e+02

-2.8656e+03 -7.1253e+01

3.0622e+03 6.3547e+01

-2.4984e+03 -3.8472e+01

7.1890e+02 2.3546e+01

-5.6733e+00 6.0565e+00

-i.1955e+02 -1.2584e+01

8.7547e+02 7.5503e+00

3.5405e+02 -6.2431e+00

1.2123e+02 4.0260e+01

-8.0219e+01 1.4753e+01

-I.0293e+03 5.3974e+00

1.8674e+03 6.6142e+01

3.0995e+03 2.5728e+02

-2.6548e+02 -7.8450e+01

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 -I.1973e+01

0 4.8211e+01

0 9.4618e+0!

0 5.1442e+01

0 -4.5660e+02

0 -2.2550e+02

.

2.

.

-2.

-i.

-4.

6.

--3.

I.

--!°

4.

i.

--9.

--8.

4.

4.

--2.

4.

0

0

0

0

0

0

0

0

0

0

0

0

6043e-03

0932e-04

0

5570e-01

8576e-01

3855e+00

6108e-01

6244e-01

4850e-01

6708e-01

5176e-01

6692e-01

9811e-01

3328e-02

8277e-01

3266e-01

8670e-01

4658e-01

4674e-01

7595e-01

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0
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0 0

0 -1.3196e+01

0 3.0614e+01

0 1.4709e+02

0 -7.5019e+01

0 -4.3512e+02

0 -9.9051e+01

0 1.9513e+02

0 -3.7738e+02

0 3.1772e+02

0 -1.4980e+03

0

0

0

0

0

0

0

0

0

0

0



0 1.4187e+02

0 -5.8025e+02

0 -1.3681e+02

0 -1.8836e+03

A a =

Columns 1 through 6

0 1.0000e+00 0 0

0 0 1.0000e+00 0

-6.8590e+05 -4.1205e+04 -2.8770e+02 0

0 0 0 0

0 0 0 0

0 0 0 -i.0648e+06

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

Columns 7 through 12

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 l. O000e+O0 0 0

0 0 l. O000e+O0 0

-I.0648e+06 -5.5245e+04 -3.3312e+02 0

0 0 0 0

0 0 0 0

0 0 0 -8.0000e+05
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Appendix D

Estimation of Component Lift Curve Slopes

This appendix provides a simple least squares estimate for the component lift curve slopes

needed to implement the structural mode shape (internal terms) and aerodynamic lift curve slope

parameter variations in Section IV-F. The framework for the estimation is based on linear, first

order component build-up procedures utilized in preliminary aircraft dynamic analyses.

Assuming only wing (W), horizontal tail (H), and vane (V) components, the overall

airframe lift and pitch moment dimensionless derivatives with respect to angle of attack and pitch

rate, in terms of component geometry and lifting surface characteristics are

C,.q_g wxw_ 0 _2 0 -c

_HxHc_ +_v xvc__w Xw cWtx + nCMa= _ _ _ c _

_" _2 _2

where

mVT
CLot- q_ Zw

IyyVT

CMa = --_ M w

2mVT
CLq =- _ Zq

2IyyVT

CMq= qge2 Mq

Inherent assumptions associated with these equalities include no interference effects, neglection of

drag terms, small angle assumption, and linear aerodynamic characteristics only. The above

parameters and variables are defined as

_k

- vehicle reference area

- vehicle reference chord

- component reference area (k = W, H, V)
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Xk
m

Iyy

vT

q

CL i

CM i

Mi

- component lift curve slope (k = W, H, V)

- body x axis component aerodynamic center location (k = W, H, V)

- vehicle mass

- vehicle pitch moment of inertia

- total velocity

- dynamic pressure

- vehicle dimensionless lift stability derivative (i = o_, q)

- vehicle dimensionless pitch stability derivative (i = o_, q)

- vehicle dimensional z axis translational stability derivative (i = w, q)

- vehicle dimensional y axis rotational stability derivative (i = w, q)

In the above relationships, all geometric and inertial data and aerodynamic center location

data are assumed known leaving only the component lift curve slopes as unknown variables to be

solved for. Since the vane planform is an identically scaled duplicate of the horizontal tail

planform, the associated lift curve slopes are assumed equal, or

cv =cH

Also note the CLq and CMe _equalities suggest these derivatives are related as CLq = -2CMo ( The

vehicle numerical data does not adhere precisely to this assumed structure. Therefore, the above

equalities represent four independent equations in two unknowns. In matrix notation, these

equalities are expressed as

gw gH+gv
g g

- 2_-_ -'U-xw - 2gHXH+gVxVge

gw Xw gnxn+gvxv
g c ge

- 2-_ xw2 2 gHxtt2+gvxv2
i_2 gC 2

A

c l
cLl =

CL_

CLq

CMct

CMq

x = b

The least squares solution for the unknown lift curve slopes is

x = (ATA)-IATb

Numerical data necessary for the above solution is listed below.
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\

= 7,100 ft 2

_w = 7,100 ft 2

_H = 700 ft 2

_v = 177.5 ft 2

m = 11,960 slug

V T = 267.95 ft/s

Z w = - 1.081 1/s

M w = -0.01824 1/ft s

The variables x s cm and xkac

e = 86.02 ft

xsWac= 2,280 in

xHac = 3298.55 in

xVac = 400 in

Iyy = 4.395× 107 slug ft 2 Xs cm = 2152.55 in

q = 85.33 lbf/ft 2

Zq = -17.32 ft/s

Mq = -0.08397 1/s

denote the vehicle mass center and component aerodynamic center

locations in the structural axes (i.e., x k = xkc = x s cm - xkac )-

With the above outline, the component lift curve slope estimates are

cw = 5.943 1/rad

CLH = 2.073 1/rad

cv = 2.073 1/rad

and the accuracy of the least squares solution is given below.

[ 6.200

= | 1.745
Ax |_0.8727 b =

[-0.9837

I 5.720 ]

-o. 12j
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